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1 .0  BA CK G RO U N D  T O  TH E  P R O JE C T
1 .1  G EN ER A L
I n  deep  S o u th  A f r ic a n  g o ld  m in e s , t h e  g o ld  b e a r in g  r e e f  o c c u r s  a s  a  t h in  
s h e e t  o r  t a b l e  o f  r o c k  w h ich  i s  o f t e n  o n ly  75mm t o  100mm t h i c k .  G u l l ie s  
a r e  d r iv e n  i n t o  t h e  r o c k  and  th e  o r e  in  th e n  ren 'ovud  from  s to p e s  w hich  
c r o s s - c o n n e c t  th e  g u l l i e s .
As th e  o r e  i s  m in ed , t h e  s to p e  c o n v e rg e s  u n d e r  t h e  o v e rb u rd e n  p r e s s u r e s  
(up  t o  100 MPe in  m ines o f  3500m d e p th ) .  A t y p i c a l  s to p e  c lo s u r e  r a t e  i s  
100mm a  m onth.
T he p r e v e n t io n  o f  c lo s u r e  h a s  t r a d i t i o n a l l y  be en  c o n t r o l l e d  by m eans o f  
tim b e r  s u p p o r t s .  T h is  sy s te m  h a s  s e v e r a l  d is a d v a n ta g e s  :
1 . The h a n d l in g  o f  t h e  t im b e r  i s  la b o u r  i n t e n s iv e .
2 . The l a r g e  q u a n t i t i e s  o f  t im b e -  u n d e rg ro u n d  c o n s t i t u t e s  a  f i r e  h a z a rd .
3 . V e n t i l a t i o n  i s  d i f f i c u l t  t o  c o n t r o l  b e c a u se  o f  th e  l a r g e  open  sp a c e s  
b e tw ee n  th e  p a c k s .
The h y d r a u l i c  b a c k f i l l i n g  o f  s to p e s  i n  d e e p  g o ld  ra is e s  i s  a n  a t t r a c t i v e  
p r o p o s i t i o n  as a m eans o f  c o n t r o l l i n g  c o n v erg en c e  o f  th a  s to p e s  and  ab ­
s o r b in g  e n e rg y  r e l e a s e d  from  th e  s u r ro u n d in g  ro c k .
The a d v a n ta g e s  and  b e n e f i t s  o f  u s in g  a  h y d r a u l i c  b a c k f i l l  sy s te m  r a t h e r  
th a n  a  sy s te m  o f  t im b e r  s u p p o r ts  in c lu d e :
1. E x p en s iv e  t im b e r  ne ed  no  lo n g e r  b e  u s e d .
2 . R educed  la b o u r  r e q u ir e m e n ts .
3 , R educed  f i r e  h a z a rd s .
4 , V e n t i l a t i o n  c o n t r o l  i s  f a c i ’ i ‘d a s  a r e s u l t  o f  th e  e l im in a t io n  o f  
open  s p a c e s ,
5 , Mine safety is in c r e a s e d .  The. j rm p T fh s io n  o f  t h e  f i l l  a b so rb s  e n e rg y  
r e l e a s e d  from  th e  ro c k  in  th e  v :  i n i t y  o f  th e  f i l l e d  s to p e ,
6 . The p ro b lem  o f  d is p o s i n g  o i l a r g ' i  q u a n t i t i e s  o f  m in in g  w a s te  c an  be 
p a r t i a l l y  a l l e v i a t e d  by u n d e rg ro u n d  htow ago.
The u s e  o f  h y d r a u l i c  s tow age  i s  n o t  l im i tn d  to  g o ld  m in e s . I n  S ou th  
A f r i c a ,  t h e  l a r g e  p r o d u c tio n  o f  f ly o s h  and b o tto m  a sh  i n  t h e  c o a l - b u r n in g  
pow er s t a t i o n s ,  p r o v id e s  a r e a d y  s o u r c e  o f  a f i l l  m a te r i a l  f o r  b a c k f i l l i n g  
o f  t h e  c o a l  m in e s , F ly a s h  lia s  p o a z o la n ic  p r o p e r t i e s  and lv  h a s  b e en  shown 
t h a t  f ly a s h /c e m e n t  m ix tu re s  can  gives s i m i l a r  s h e a r  p r o p e r t i e s  t o  th o s e  
p ro d u c e d  by o r d in a r y  P o r t l a n d  c em en t, [ B l i g h t , 1979]
Background to the Project
F ly a s h  i s  r e a d i l y  a v a i l a b l e  from  th e  pow er s t a t i o n s  and  c an  n o r m a l ly  b e  
o b ta in e d  f o r  o n ly  t h e  c o s t  o f  i t s  t r a n s p o r t .  As m o st o f  th e  pow er s t a t i o n s  
a r e  lo c a t e d  c lo s e  t o  t h e  c o a l  m in e s , t h i s  c o s t  i s  m in im a l . The u s e  o f  
f l y a s h  a s  a f i l l  h a s  s e v e r a l  a d v a n ta g e s  :
1 . Power s t a t i o n s  ne ed  n o t  p u rc h a s e  la n d  f o r  th e  f o rm a tio n  o f  dumps.
2 . E l im in a t io n  o f  t h e  dumps l e a d s  t o  a more a e s t h e t i c  e n v iro m a n t.
3 .  The a s h  c an  p r o v id e  a b a s e  f o r  f u r t h e r  w o rk in g s  i n  t h i c k  seam s snd  
h e n c e  in c r e a s e  t h e  p e rc e n ta g e  e x t r a c t i o n ,  w h ich  e x te n d s  t h e  l i f e  o f  
t h e  pow er s t a t i o n .
4 . The s u p p o r t  t o  t h e  c o a l  p i l l a r s  in c r e a s e s  t h e  s a f e t y  f a c t o r  o f  th e
A f u th e r  a p p l i c a t i o n  o f  h ig h  c o n c e n t r a t i o n  p a s t e  pum ping i s  t h e  r e c la m a ­
t i o n  o f  u n b u rn t  f l y a s h  from  s l im e s  dam s. I n v e s t i g a t i o n s  o f  th e  c h em ic a l 
a n a ly s i s  o f  t h e  f l y a s h  from  one  p a r t i c u l a r  pow er p l a n t  r e v e a le d  t h a t  a b o u t 
45% c a rb o n  rem a in e d  u n b u r n t .
1 .2  A D V A N T A G E S O F A HIGH D E N S IT Y  SLU RR Y
H y d ra u lic  b a c k f i l l i n g  h a s  n o t ,  d e s p i t e  i t s  p o t e n t i a l  a p p l i c a t i o n s  and 
a d v a n ta g e s  i n  g o ld  and c o a l  m in e s , be en  f u l l y  a c c e p te d  in  S ou th  A f r ic a .  
The r e a s o n s  f o r  t h i s  in c lu d e :
1 . The f i n e  g o ld  t a i l i n g s  a r e  slow  d r a in i n g .  The s to p s  c o u ld  th u s  c o n ­
v e rg e  b e fo r e  t h a  t a i l i n g s  h av e  s o l i d i f i e d .
2 .  The f i l l  r  i r e s  r e t a i n i n g  w h ile  s t i l l  in  t h e  l i q u i d  s t a t e ,
3 . The e x c e s s  . t e r  t h a t  i s  in tr o d u c e d  by  c o n v e n tio n a l  s l u r r y  te c h n iq u e s  
m ust b e  pumped ba ck  t o  th e  s u r f a c e .
R e se a rc h  a t  th e  M a te r ia l s  H a n d lin g  R e se a rc h  L n i t  (MliRU) o f  t h e  U n iv e r s i ty  
o f  t h e  W itw a te r s ra n d  h as le d  t o  a p ro p o se d  tysi-em , i n  w hich  i t  i s  I n te n d e d  
t o  t r a n s p o r t  th e  s l u r r y  i n  a h ig h  d e n s i ty  v . s t u '  form  w i th  a s  l i t t l e  a s  
15m w a te r  c o n te n t .  On i t s  own, t h i s  h a s  ire 'v s ,  a s  t h e  s l u r r y  assum es a 
hom ogeneous form  and minimum u s e  i s  mad i--. a  s c a r c e  r e s o u r c e ,  nam ely
F u th e r  a d v a n ta g e s  i n  a p p l i c a t i o n s  t o  g o ! ' h . k' s i n c lu d e  :
1 . L e s s  d r a in a g e  i s  r e q u i r e d ,  th u s  les:* -i '.v c rg en c e  ta k e s  p l a c e  w h ile  
th e  t a i l i n g s  s o l i d i f y .
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2 . R e ta in in g  o f  t h e  f i l l  i s  n o t  r e q u i r e d ,  s im p l i f y in g  u n d e rg ro u n d  o p e r -
3 . T h e re  i s  no  e x c e s s  w a te r  t o  b e  pumped ba ck  Co th e  s u r f a c e ,
F o r  f l y a s h  t r a n s p o r t a t i o n  th e  a d v a n ta g e s  a r e  :
1 . U t i l i z a t i o n  e>£ th e  p o z z o la n ic  c h a r a c t e r i s t i c  w H ch  i s  m o is tu re  d e ­
p e n d a n t ,
2 , T he a v e ra g e  m o is tu re  c o n te n t  o f  t h e  f l y a s h  a s  rem oved from  th e  dam 
i s  a b o u t 43%. By pum ping a  h ig h  c o n c e n t r a t i o n  p a s t e  b a ck  t o  t h e  pow er 
p l a n t  tl t e  d r y in g  r e q u ir e m e n ts  can  b e  m in im iz e d . ( T h is  i s  an im p o r ta n t 
econom ic  a s p e c t  a s  th e  d r y in g  p l a n t  o f  a  s h o r t  p i p e l i n e  o f t e n  makes 
t h e  sy s te m  u n e c o n o m ic a l ) .
1 .3  P R O JE C T  O B JE C T IV E S
I n  o r d e r  t o  im p lem en t a  p r a c t i c a l  h ig h  d e n s i ty  s l u r r y  pump sy s te m  i n  c o a l  
and  g o ld  m in e s , i n s t r u m e n ta t i o n  i s  r e q u i r e d  t o  e n a b le  c o n t r o l  o f  th e  
b a c k f i l l  p r o c e s s .
The p r o j e c t  o b j e c t i v e  i s  t h e  c h o ic e  a n d /o r  develo p m e n t o f  s u i t a b l e  
i n s t r u m e n ta t i o n  t o  " fe asu re  t h e  m ass f lo w v a te  and  m o is tu re  c o n te n t  o f  th e  
f l y a s h /g o ld s l i c i e  s l u r r y .  U s in g  an  i n l i n e  m ix e r ,  t h e  s l u r r y  i s  m b  ed w i th  
p n e u m a t i c a l ly  conveyed  d ry  c em e n t, t o  s t r e n g th e n  th e  h y d r a u l i c  f i l l .  The 
c e m e n t / s l u r r y  m ix in g  r a t i o  i s  c o n t r o l l e d  by  m e a su r in g  th e  m ass f lo w r a te .  
The m o is tu re  c o n te n t  m easu rem en t i s  u s e d  t o  c o n t r o l  th e  w a te r  c o n te n t  o f  
th e  s l u r r y .
T he o v e r a l l  sy s te m  c o n f ig u r a t io n  i s  show n in  F ig u re  1 on  p ag e  4 .
1 .4  IN ST U M E N T A T IO N  REQ U IR EM ENTS
T he t r a n s p o r t a t i o n  o f  h ig h  d e n s i ty  s l u r r i e s  o r  " p a s t e s "  i s  a s s o c i a t e d  w ith  
h ig h  h e a d  l o s s e s  r e s u l t i n g  from  th e  h ig h  v i s c o s i t i e s  i n h e r e n t  i n  h ig h  
c o n c e n t r a t i o n  s l u r r i e s .  H igh p r e s s u r e  r e c i p r o c a t i n g  pumps tiro  u se d  to  
overcom e t h e  h ig h  head  l o s s e s  in c u r r e d  in  the . p a s t e  sy s te m ,
The h ig h  p r e s s u r e  and  he ad  l o s s e s  im pose  t h r e e  im p o r ta n t  c r i t e r i a  on th e  
in s t r u m e n ta t io n .
1 . The in s t r u m e n ta t i o n  m u st b e  c a p a b le  o f  w i th s t a n d in g  th e  h ig h  p r e s ­
s u r e s  in v o lv e d  (u p  t o  100 ba r/lO M P u ).
2 , The in s t r u m e n ta t i o n  m u st b e  a b r a s io n  r e s i s t i v e .
Background to the Project
F ly a s h /G o ld s l im e
M o is tu re  C o n tro l
f lo ss  F lo 1..' 
C o n t ro l
F ig u re  1. System  C o n f ig u r a t io n
3 . The in s t r - m e n ta t i o n  m ust be n o n - in t r u s iv e  t o  m in im ize  a b ra s io n  and 
th e  p r e s s u r e  d ro p .
A summary o f  t h e  re m a in in g  s l u r r y  c h a r a c t e r i s t i c s  and in s t r u m e n ta t io n  
re q u ir e m e n ts  i s  g iv e n  in  F ig u re  2 on p ag e  7.
1 .5  CO N CLU SIO N
The b a s i s  o f  t h i s  p r o j e c t  i s  th e  c h o ic e  a n d /o r  d evelopm en t o f  in s t ru m e n ­
t a t i o n  s u i t a b l e  f o r  a  h ig h  d e n s i ty  s l u r r y  sy s te m . The re m a in d e r  o f  t h i s  
r e p o r t  o u t l i n e s  th e  p ro c e d u re  u n d e r ta k e n  to  choose  and  e v a lu a te  th e  n e c ­
e s s a r y  i n s t r u m e n ta t i o n . ' The c h o ic e /d e v e lo p m e n t and a p p l i c a t i o n  o f  
in s t r u m e n ta t io n  i s  in  many c a s e s  s t i l l  much o f  a b la c k  a r t . The o v e r id in g  
f e a t u r e  o f  a l l  in s t r u m e n ta t io n  i s  th e  p r i n c i p l e  upon w hich  th e  in s t ru m e n t
Background to the Project
i s  b a s e d .  T h ere  a r e  many w ays t o  o b t a in  a  m e asu re m en t, b u t  u s u a l ly  o n ly  
o n e , o r  v e ry  few , w ays s u i t a b l e  t o  a  p a r t i c u l a r  a p p l i c a t i o n .  Once a  
s u i t a b l e  p r i n c i p l e  has b e en  fo u n d , t h e  u s e e  c an  s u rv e y  th e  m a rk e t f o r  a  
s u i t a b l e  in s t ru m e n t  b a sed  on  t h a t  p r i n c i p l e .  I f  a  co m m erc ia l in s t ru m e n t  
i s  n o t  a v a i l a b l e  t h e  u s e r  w i l l  th e n  h av e  to  c o n s id e r  d e v e lo p in g  h i s  own 
in s t r u m e n t .
I f  an  a n a lo g y  i s  s o u g h t ,  m e  p r i n c i p l e  r e p r e s e n t s  t h e  d e s ig n  and  th e  i n ­
s tr u m e n t  th e  im p le m e n ta t io n . No m a t te r  how good th e  im p le m e n ta t io n , a  p o o r  
d e s ig n  w i l l  a lw ays le a d  t o  p o o r  r e s u l t s ,
T h e r e f o r e ,  a  s u c c e s s f u l  i n s t r u m e n ta t i o n  sy s te m  i s  h e a v i ly  d e p e n d a n t on 
th e  p r i n c i p l e s  on  w h ic h  th e  in s t r u m e n ts  a r e  b a s e d ,  and  th e  u s e r s  u n d e r ­
s t a n d in g  o f  t h e s e  p r i n c i p l e s .  B ecause  o f  t h e  im p o r ta n c e  o f  t h e  m e a su r in g  
p r i n c i p l e ,  much o f  t h i s  r e p o r t  c o v e r s  t h e  d i f f e r e n t  m e a su r in g  p r i n c i p l e s , 
W ith  t h e  aim  o f  p r o v id in g  a  c l e a r  u n d e rs t a n d in g  t h e r e o f .  P a r t i c u l a r  em­
p h a s i s  is p la c e d  on  m a g n e tic  f J jw  m easu rem en t and n u c l e a r  d e n s i ty  m eas­
u rem e n t , w h ich  form  th e  b a s i s  o f  t h e  in s t r u m e n ta t io n  s u i t a b l e  f o r  a  h ig h  
d e n s i t y  s l u r r y  m o n i to r in g  sy s te m .
C h a p te rs  Two t o  F o u r  c o v e r s  t h e  s l u r r y  m o n ito r in g  in s t r u m e n ta t i o n .  Much 
o f  t h e  m a te r i a l  i n  t h e s e  c h a p te r s  was d e r iv e d  from  in s t r u m e n ta t io n  j o u r ­
n a l s  and m a n u fa c tu re rs  l i t e r a t u r e  and  a s  su c h  r e p r e s e n t s  t h e  u s e r s  p o in t  
o f  v ie w . C h a p te r  Two c o n s i s t s  o f  an  e x te n s iv e  s u r v e y  i n t o  v a r io u s  p r i n ­
c i p l e s  f o r  m e a su r in g  d e n s i ty  and  m o is tu re  c o n te n t .  C h a p te r  T h ree  
d i s c u s s e s  te c h n iq u e s  f o r  measun.ig m ass f l o w r a t e .  C h a p te r  F o u r d is c u s s e s  
te c h n iq u e s  r e l a t i n g  t o  s l u r r y  flo w  m easu rem en t.
C h a p te rs  F iv e  t o  E le v en  d e a l s  w ith  th e  t h e o r e t i c a l  s i d e  o f  n u c le a r  p h y s ­
i c s .  The m a te r i a l  i n  c h a p te r s  F iv e  t o  E ig h t  was ta k e n  w i th  s l i g h t  mod­
i f i c a t i o n  from  T s o i i l f 8 n id is [ 1 9 8 3 ) . ( T h is  i s  an e x c e l l e n t  t e x t  f o r  an 
in - d e p t h  s tu d y  o f  a l l  a s p e c t s  o f  n u c le a r  p h y s i c s . )  The em phasis  i s  on 
n u c le a r  p h y s ic s  a s  i t  r e l a t e s  t o  p r o c e s s  c o n t r o l  i n s t r u m e n ta t i o n .  C h a p te r  
F iv e  re v ie w s  th e  c o n c e p ts  o f  a to m ic  and  n u c le a r  p h y s ic s  r e l e v a n t  t o  r a ­
d i a t i o n  m e asu re m en ts . C h a p te r  S ix  d i s c u s s e s  th e  m echanism s by w hich  
io n i z in g  r a d i a t i o n  i n t e r a c t s  and  lo s e s  e n e rg y  a s  i t  moves th ro u g h  m a t te r .  
C h a p te r  Seven  d is c u s s e s  g a s - f i l l e d  d e t e c t o r s  w ith  s c i n t i l l a t i o n  d e t e c to r s  
c o v e re d  in  C h a p te r  E ig h t .  C h a p te r  N ine rev ie w s  s t a t i s t i c s  w hich a r e  e s ­
s e n t i a l  in  any  r a d i a t i o n  m e asu re m en t. C h a p te r  Ten r e l a t e s  t o  t h e  h e a l th  
h a z a rd s  and l e g a l  r e g u la t i o n s  a s s o c i a t e d  w i th  t h e  u s e  o f  n u c le a r  s o i r e e s .  
C h a p te r  E le v en  d i s c u s s e s  '  gamma r a y  in s t ru m e n ts  in an i n d u s t r i a l  
e n v iro m e n t.  E m phasis i s  on t h e i r  p r o p e r t i e s  and d e s ig n  t r a d e o f f s .
C h a p te r  12 d is c u s s e s  th e  e v a lu a t io n  o f  o f u l l  m ass f lo w  sy s te m  w hich was 
o b ta in e d  on lo a n  from  K rohne M easurem ent and C o n t ro l  ( P ty )  L td . A b r i e f  
d e s c r i p t i o n  i s  g iv e n  o f  th e  s y s te m , f o llo w e d  by a d e t a i l e d  d e s c r ip t i o n  
o f  th e  t e s t  r i g  and m e th o d o lo g y  em ployed in  e v a lu a t in g  th e  sy s te m . The 
t e s t  r e s u l t s  a r e  th e n  e v a lu a te d  in  d e t a i l .
Background to the Project
C h a p te r  13 c o n c lu d e s  t h e  r e p o r t . The m a jo r  r o i n t s  o f  t h e  r e p o r t  a re  
h i g h l i g h t e d  and  th e  s u c c e s s  o f  t h e  p r o j e c t  o u t l i n e d .  Some p o i n t e r s  to  
f u t u r e  d e v e lo p m e n ts  i n  in s t r u m e n ta t i o n  a r e  a i „ o  g iv e n .
Background to the Project
FLYASH and GOLDSLIME StURSY CHARACTERISTICS.
P a r t i c l e  s i z e  
C o n s t i tu e n c y  
pH
Flofc- P r o f i l e  
T e m p e ra tu re  
S o l id  S p e c i f i c  G ra v ity  
S l u r r y  S p e c i f i c  G ra v ity  
SYSTEM PUMP a n d  PIPING.
P r e s s u r e  Range 
F lo w r a te  Range 
M o is tu re  C o n te n t Range 
P ip e  D ia m e te r  
P r e s s u r e  Drop
INSTRUMENT REQUIREMENTS.
I n t r u d in g  M eters  
A cc u ra cy  -  Flow
-  M o is tu re  
O u tp u t -  Mass Flow
- M o is tu re  
C o n te n t
: Homogeneous P a s te
: A lk a l i  -  a c id i c
: A m bient
: 2 ,2  -  2 ,7  
: 1 ,5  -  2 ,0
: 0 - 1 0 0  b a r  (10 MPa)
: 0  -  100 b a r
: N ot a llo w e d
: 4  - 2 0 m A
: 4 - 20 mA
F i g u r e  2 . System  C h a r a c t e r i s t i c s  and R e q u irem e n ts
Background to the Project
2 .0  SL U R R Y  C O N C E N T R A T IO N  M EASUREM ENT
2 .1  IN T R O D U C T IO N
The p r o j e c t  o b j e c t i v e s  in v o lv e  t h e  c h o ic e  a n d /o r  develo p m e n t o f  i n s t r u ­
m e n ta t io n  to  m easu re  t h e  m ass f lo w r a te  and  m o is tu re  c o n te n t  o f  a h ig h  
c o n c e n t r a t i o n  s l u r r y .  The m o st im p o r ta n t  f a c t o r  f o r  a s u c e s s f u l  i n s t r u ­
m ent i s  t h e  m e a su r in g  p r i n c i p l e  on  w h ic h  th e  in s t ru m e n t  i s  b a s e d .
T h is  c h a p te r  i s  an  e x te n s i v e  l i t e r a t u r e  s u r v e y  i n t o  th e  p r i n c i p l e s  f o r  
m e a su r in g  th e  m o is tu re  c o n te n t  of h ig h  c o n c e n t r a t i o n  s l u r r i e s .  T he m eas­
u rem e n t o f  m ass f lo w r a te  i s  d i s c u s s e d  in  t h e  f o l lo w in g  two c h a p te r s .  The 
s u r v e y  c o r s i s t e d  o f  r e v ie w in g  in s t ru m e n t  j o u r n a l s ,  c o n fe re n c e  p a p e x s  and 
m a n u fa c tu re r s  l i t e r a t u r e .
2 .2  M O IST U R E  M EASUREMENT
An im p o r ta n t  p o in t  a r i s i n g  from  t h e  l i t e r a t u r e  su rv e y  i s  t h e  c o n fu s in g  
u se  o f  te rm in o lo g y  su r ro u n d in g  m o is tu re  m e asu rem en t. The te rm in o lo g y  i s  
r e l a t i v e  t o  t h r e e  a r e a s  o f  i n t e r e s t ,  n a m ely  m o is tu re  i n  a  g a s ,  m o is tu re  
i n  a  m o is t  b u lk  s o l i d ,  o r  m o is tu re  c o n te n t  o f  a b lu r r y .
When s p e a k in g  o f  th e  am ount o f  m o is tu re  i n  a gf ' i l l y  r e f e r s  t o
th e  h u m id i ty . H u m id ity  i s  m easu red  u s in g  hydrotne d i t y  m e te r s  o r
d e w -p o in t  m e te r s .  Izi th e  c a s e  o f  b u lk  s o l i d s  i  .acco  o r  i n s t a n t
c o f f e e ,  m o is tu re  o r  w a te r  c o n te n t  i s  t h e  te rm  u&eu. I n  t h e  c a s e  o f
s l u r r i e s  (w here  w a te r  i s  o f t e n  s im p ly  a c o n v ey in g  medium and th u s  dom i­
n a t e s )  one  i s  a c t u a l l y  i n t e r e s t e d  i n  t h e  p e r c e n t  s o l i d s  o r  c o n c e n t r a t io n  
o f  t h e  s l u r r y .  The te rm in o lo g y  c an  g iv e  r i s e  t o  m is u n d e r s ta n d in g  and 
f r u s t r a t i o n .
S e v e ra l  te c h n iq u e s  a r e  a v a i l a b l e  f o r  m e asu r in g  m o is tu re  c o n te n t  o f  b u lk  
s o l i d s .  T hese  a r e  rev ie w ed  be low  a s  th e y  c o u ld  p o s s ib l y  b e  u s e d  f o r  
m easu rem en t o f  c o n c e n t r a t io n  o f  s l u r r i e s .  T hese  te c h n iq u e s  e i t h e r  m easu re  
t h e  am ount o f  w a te r  d i r e c t l y  o r  i n f e r  i t  from  th e  p h y s ic a l  p r o p e r t i e s  o f  
t h e  m a t e r i a l .  T he v a r io u s  te c h n iq u e s  and  t h e i r  l i m i t a t i o n s  a r e  d is c u s s e d
2 .2 .1  C A P A C IT A N C E  METHOD
T h is  m ethod  i s  b a sed  on th e  p r i n c i p l e  t h a t  th e  d i e l e c t r i c  c o n s t a n t  o f  th e  
m a t e r i a l  v a r i e s  w ith  t h e  m o is tu re  c o n te n t[ G u m p e rt ,1 9 8 1 ] . The m ajor 
p ro b lem  i s  t h a t  t h e  c o n s t a n t  a l s o  v a r i e s  w i th  t h e  amount o f  m a te r i a l  b e -
S l u r r y  ’ o n c e n t r a t l o n  M easurem ent
tw een  t h e  p l a t e s  fo rm in g  th e  c a p a c i to r .  T h is  c an  b e  co m p en sa ted  f o r  by 
u s in g  a  d e n s i ty  m e te r  t o  d e te rm in e  th e  am ount o f  m a t e r i a l  p r e s e n t .
The c a p a c i ta n c e  m ethod  h a s  a m o is tu re  m easu rem en t r a n g e  o f  <0.01-30%  w ith  
an  a c c u ra c y  o f  0.25%  and  a r e p e a t a b i l i t y  o f  0.1%  d e p en d in g  on a p p l i c a ­
t i o n .  I t  i s  how ever a f f e c t e d  by  d e n s i ty ,  f a t s ,  p r o t e i n ,  p a r t i c l e  s i z e  and 
te m p e r a tu re  v a r i a t i o n .
2 .2 .2  C O N D U C T IV IT Y  METHOD
T h is  m ethod r e l i e s  on  th e  v a r i a t i o n  o f  c o n d u c t iv i ty  o f  t h e  sa m p le  m a te r i a l  
w i th  t h e  v a r i a t i o n  o f  m o is tu re  c o n te n t .  The c o n d u c t iv i t y  i s  how ever d e ­
p e n d a n t on s e v e r a l  f a c t o r s  in c lu d in g  d e n s i ty ,  te m p e r a tu r e ,  d i r t  b u i ld - u p  
on  th e  c o n ta in e r  w a l l s  and c o n s t i tu e n c y  o f  th e  m a te r i a l  i t s e l f .  The m ethod 
a l th o u g h  o f t e n  p ro p o se d  h a s  n o t  p ro v e n  r e l i a b l e ,  g iv e s  i n c o n s i s t e n t  r e ­
s u l t s  and h a s  p o o r  a c c u ra c y .
2 .2 .3  MICROW AVE METHOD
T h is  m ethod is b a se d  on t h e  u s e  o f  m ic row aves w i th  f r e q u e n c ie s  from  1 to  
100 G Hz[M eyer,1 9 8 4 ] . The m ethod  w orks on t h e  p r i n c i p l e  o f  co m p arin g  th e  
e f f e c t i v e  p r o p a g a t io n  c f  e le c t r o m a g n e t ic  w aves i n  a s p e c i f i e d  m a t e r i a l ,  
t o  t h e  p r o p a g a tio n  in  f r e e  s p a c e .  The e x t e n t  o f  m o d if ic a t io n  dep en d s on 
th e  com plex  - e l a t i v e  d i e l e c t r i c  c o n s ta n t  o f  th e  m a t e r i a l .  The r e a l  p a r t  
o f  t h e  c o n s ta n t  d e te r m in e s  t h e  v e l o c i t y  o f  th e  p r o p a g a t in g  wave in  th e  
m a te r i a l  w h ile  t h e  com plex p a r t ,  c a l l e d  th e  l o s s  f a c t o r ,  d e te r m in e s  th e  
a t t e n u a t i o n  o f  t h e  wave a m p li tu d e  a s  i t .  p e n e t r a t e s  t h e  m a t e r i a l .  The r e a l  
and com plex  com ponents o f  t h e  c o n s ta n t  depend  on  th e  m a te r i a l  d e n s i ty ,  
te m p e r a tu re  and  operating f r e q u e n c y . The u s e f u l l n e s s  o f  t h e  m e thod , l i e s  
i n  t h e  f a c t ,  t h a t  t h e  d i e l e c t r i c  c o n s ta n t  f o r  w a te r  i s  much g r e a t e r  th a n  
t h a t  o f  m a te r i a l s  commonly m e asu re d . The w a te r  d i e l e c t r i c  c o n s ta n t  
th e r e f o r e  l a r g e ly  d e te r m in e s  t h e  e f f e c t i v e  d i e l e c t r i c  c o n s ta n t  o f  t h e  
m o is t  m a te r i a l .
A h o rn  a n te n n a e  i s  u se d  t o  c o u p le  th e  m icrow ave s i g n a l s  t o  and from  th e  
sa m p le . The r a t i o  o f  t h e  p h a s e  s h i f t  and a m p li tu d e , w hich  i s  r e a s o n a b ly  
in d e p e n d a n t o f  d e n s i t y ,  h a s  a f i x e d  r e l a t i o n s h i p  t o  t h e  m o is tu re  c o n te n t  
o f  a  g iv e n  m a t e r i a l .  The d e v ic e  c an  th u s  b e  c a l i b r a t e d  t o  r e a d  th e  
m o is tu re  c o n te n t  o f  t h e  m a te r i a l .
The a d v a n ta g e  o f  t h i s  m ethod i s  t h a t  i t  i s  n o n - c o n ta c t in g ,  t h e  m icrow aves 
p a s s  r i g h t  th r o u g h  th e  m a t e r i a l ,  and d e n s i t y . i s  a u to m a t i c a l l y  com pensa ted  
f o r .  The m ethod w ould  how ever b e  u n s u i t a b l e  f o r  s l u r r i e s ,  a s  i t  w ould n o t  
b e  f e a s i b l e  t o  mount t h e  h o rn  an tennae , o n to  t h e  p ip e ,  th u s  m aking i t  
v i r t u a l l y  im p o s s ib le  t o  couple th e  s i g n a l  i n t o  t h e  p ip e .  The d i e l e c t r i c
Slurry Concentration Measurement
c o n s ta n t  f o r  t h e  s l u r r y  c o u ld  a l s o  b e  a  l i m i t i n g  f a c t o r .  The m ethod i s  
m ost s u i t e d  t o  b u lk  s o l i d s .
The m icrow ave m ethod  h a s  a m o is tu re  m easu rem en t r a n g e  o f  <0.01-50%  w ith  
an  a c c u ra c y  o f  0 .07%  and  a r e p e a t a b i l i t y  o f  0.03% d e p e n d in g  on a p p l i ­
c a t i o n .  I t  i s  how ever s l i g h t y  a f f e c t e d  by  d e n s i ty ,  f a t s ,  and  p a r t i c l e  s i z e  
v a r i a t i o n .
2 . 2 . 4  IN FR A R E D  GUAG IN G  METHOD
The m ethod  i s  b a s e d  on th e  f a c t  t h a t  w a te r  e x h i b i t s  d i s c r e t e  s e l e c t i v e  
a b s o r p t io n  b ends i n  t h e  n e a r  i n f r a r e d  r e g io n  a t  2 ,9 5  m ic r o n s , 1 ,9 4  m ic ro n s  
and 1 ,4 5  m ic ro n s  ( d e c r e a s in g  s e n s i t i v i t y )  [ C r a b t r e e ,1 9 7 5 ] . In  p r a c t i s e  a  
f i l t e r  w hee l h a v in g  tw o o p t i c a l  i n t e f e r e n c e  f i l t e r s  i s  r o t a t e d  i n  f r o n t  
o f  an  e n e rg y  s o u r c e  ( h a lo g e n  la m p ) . The tw o beam s o f  e n e rg y  a r e  im aged 
s e q u e n t i a l l y  o n to  th e  s u r f a c e  o f  t h e  m a t e r i a l ,  f o l lo w in g  th e  same p a th .
The w av e le n g th s  o f  t h e  beam s, a s  d e te rm in e d  by  t h e  f i l t e r s ,  a r e  s e l e c t e d  
su c h  t h a t  one i s  a t  th e  c h o sen  m e a su r in g  w a v e le n g th  f o r  w a te r ,  sa y  1 ,9 4  
m ic ro n s end th e  o th e r  a t  a  w a v e le n g th  a d ja c e n t  t o  t h e  a b s o r p t io n  f e a t u r e  
and i s  n o t  a b so rb e d  by  th e  m a te r i a l  i t s e l f ,  s a y  1 ,8  m ic r o n s .
A d e t e c t o r  c o l l e c t s  t h e  e n e rg y  b u r s t s  r e f l e c t e d  ba ck  from  t h e  m a te r i a l  
s u r f a c e ,  o n ly  one  o f  w h ich  h a s  been  a b so rb e d  by  t h e  w a te r  i n  t h e  m a te r i a l .  
A d i r e c t l y  p r o p o r t io n e d  r e a d in g  i s  o b ta in e d  by fo rm in g  th e  lo g a r i th m  o f  
t h e  r a t i o  o f  t h e  tw o i n t e n s i t i e s .
The a d v a n ta g e  o f  t h i s  m ethod  i s  t h a t  i t  i s  n o n - c o n ta c t in g  and t h e  u s e  o f  
a  r e f e r e n c e  beam e l im in a te s  m ost e r r o r s  r e s u l t i n g  from  t i m e - d r i f t ,  w ear 
and d i r t  b u i ld u p .
The m a jo r  l i m i t a t i o n  o f  t h i s  m ethod  i s  t h a t  th e  beams r e f l e c t  o f f  t h e  
s u r f a c e  o f  t h e  m a te r i a l  and do n o t  p a s s  th ro u g h  : T hus i t  i s  n o t  s u i t ­
a b le  f o r  any m a te r i a l  w here  th e  w a te r  c o n c e n t r f  tj.o n  w i th in  t h e  m a te r i a l  
d i f f e r s  from  t h a t  on th e  s u r f a c e .  A n o th e r l i m i t a t i o n  i s  due t o  s t r o n g  
s u r f a c e  r e f l e c t i o n s  and th u s  i t  c an  n o t  be u se d  on s h in y  m a t e r i a l . The 
f a c t o r  w h ich  e l im in a t e s  i t  from  c o n te n t io n  f o r  s l u r r y  m o n ito r in g  i s  t h a t  
t r a n p a r e n t  windows w ould h av e  to  be p r o v id e d  in  t h e  p ip e l i n e  f o r  th e  beams 
t o  p a s s  th ro u g h  ( a  p r e s s u r e  and a b ra s io n  l i m i t a t i o n )  and th e  f a c t  t h a t  
i t  i s  a  b a c k s e a t t e r  m ethod .
The same te c h n iq u e  may a l s o  b e  a p p l ie d  t o  m easu rem en ts  o f  f i lm  th i c k n e s s ,  
i n - s i t u  g a s  a n a ly s i s  and  t r a c e  e le m e n t d e te r m in a t io n .
The i n f r a r e d  m ethod h a s  a m o is tu re  m easu rem en t ran g e  o f  <0.01-90%  w ith  
an a c c u ra c y  o f  1% and  a r e p e a t a b i l i t y  o f  0 . 1% d e p en d in g  on a p p l i c a t i o n .
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I t  is how ever a f f e c t e d  by d e n s i t y ,  f a t s ,  c o lo u r ,  p a r t i c l e  s i z e  and tem ­
p e r a tu r e  v a r i a t i o n .
2 .2 .5  N E U TR O N  M O D ERA TIO N  METHOD
T h is  t e c h n iq u e  w orks on t h e  p r i n c i p l e  t h a t  th e  sp e e d  o f  f a s t  n e u tro n s  i s  
s t r o n g l y  m o d e ra te d  by h y d ro g en  n u c l e i ,  w h ile  t h e  sp e ed  i s  b a r e ly  a f f e c t e d  
by  a to m ic  n u c l e i  o f  h ig h e r  a to m ic  w e i g h t [ P u l s e ,1 9 6 3 ]. T hus, i n  t h e  
v i n c i n i t y  o f  a  f a s t  n e u tro n  s o u r c e  (B e ry ll iu m  o r  A m e ric iu m ), a  c lo u d  o f  
s lo w  n e u t ro n s  i s  fo rm ed  w hose d e n s i ty  depends l a r g e ly  on th e  hy d ro g en  
c o n te n t  o f  any m o is tu re  w h ich  i s  p r e s e n t .  By com b in in g  th e  f a s t  n e u t ro n  
s o u r c e  w ith  a  s lo w  n e u t r o n  m e a su r in g  sy s te m , a  n o n - c o n ta c t  m o is tu re  
m e a su r in g  gauge i s  o b ta in e d .
Such a  sy s te m  i s  n o t  a f f e c t e d  by te m p e r a tu re ,  p l i - v a lu e  o r  p r e s s u r e .  The 
s e n s in g  u n i t  c an  b e  m ounted  o v e r  c o n v e y o rs ,  on b i n s ,  o r  on p i p e l i n e s .  The 
sam p le  vo lum e  s h o u ld  be f a i r l y  l a r g e ,  400mm w ide  by  50mm th i c k  a s  a  m in ­
imum f o r  c o n v e y o r s , o r  200mm minimum p ip e  d ia m e t e r .
6  b lo c k  d ia g ra m  f o r  a  co n v ey o r  b e l t  sy s te m  i s  shown i n  F ig u re  3 on p ag e
The sy s te m  d o e s  how ever h a v e  s e v e r a l  l i m i t a t i o n s .  T he m easurem ent i s  d e ­
p e n d a n t on t h e  num ber o f  h y d ro g en  a tom s present i n  t h e  sa m p le  and  th u s  
n o t  o n ly  w a te r  i s  m e asu re d , b u t  a l l  s u b s ta n c e s  c o n ta in i n g  hy d ro g en  ( e . g .  
h y d r o c a rb o n s ) .  T h is  c an  b e  co m p en sa ted  f o r  i f  t h e  num ber o f  n o n -w a te r  
bonded hy d ro g en  a tom s i s  r e l a t i v e l y  c o n s t a n t .  The m easurem ent i s  a l s o  
de p en d a n t on th e  d e n s i ty  o f  the . s u b s ta n c e  and  th u s  d e n s i ty  c o m p en sa tio n  
i s  r e q u i r e d .  A p o s s ib l e  s a v in g  c an  how ever b e  a c h ie v e d  by u s in g  t h e  same 
d e t e c to r  f o r  t h e  n e u t ro n s  and  gamma r a y s .  A f u r t h e r  l i m i t a t i o n  i s  t h a t  
t h e  s o u r c e  and d e t e c t o r  a r e  u s u a l ly  com bined  in  one  h o u s in g  and th u s  th e  
n e u t r o n s  do  n o t  pass th ro u g h  th e  sa m p le  u n d e r  m e asu rem en t.
2 .3  C O N C E N T R A T IO N  O R PE R C E N T  SO L ID S MEASUREMENT
A p art from  th e  c o n d u c t iv i ty  and c a p a c i ta n c e  m ethods p ro p o sed  above w h ich  
can  b e  u s e d  f o r  m e a su r in g  th e  c o n c e n t r a t i o n  o f  s l u r r i e s  t h e  r e m a in d e r  o f  
t h e  m e thods a l l  r e l y  on th e  m easu rem en t o f  th e  s p e c i f i c  g r a v i t y  o f  th e  
s l u r r y .  D e n s i ty  ga u g es  can  b e  c a l i b r a t e d  in  p e r c e n t  s o l i d s ,  o n ly  i f  a 
tw o-com ponen t slurry e x i s t s  w here  one  c o m p o n en t's  d e n s i ty  ( su c h  a s  w a te r  
SG = 1) i s  f i x e d .  Some s m a ll e r r o r  may b e  in tr o d u c e d  i f  t h e  s o l i d s ’ mass 
a t t e n u a t io n  c o e f f i c i e n t  o r  d e n s i ty  v a r i e s  w id e ly .
( Is in g  th e  above  a s su m p tio n  th e  p e r c e n t  s o l i d s  i s  c a l c u l a t e d  a s  f o l lo w s :
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CABLE TO MEASURING 
6  RECORDING INSTRUMENTS
MEASUREMENT DETECTION
HEAD
t h e r m a l  n e u t r o n
SCRAPER
DETECTOR
SOURCE
FLOW
CONVEYORM A TERIAL
F ig u re  3 . N e u tro n  M oistu re . M easurem ent
P e r c e n t  S o l id s  (by  w i g h t )  = ' So ' ' i s  !SGt( S lu r r y  -  1)
SGV S l u r r y  TSOV S o l id s  -  1)
The m ethod f o r  m e asu r in g  th e  c o n c e n t r a t io n  th e n  b o i l s  down t o  a m ethod 
f o r  m e asu r in g  d e n s i ty  o r  s p e c i f i c  g r a v i t y .  N ote  t h a t  t h i s  e f f e c t i v e l y  
e x c lu d e s  t n e  above m .-thods s i n c e  d e n s i t y  co m p en sa tio n  i s  r e q u i r e d  f o r  m ost 
o f  them , w h ereas th e  c o n c e n t r a t io n  o f  a s l u r r y  c an  be o b ta in e d  s im p ly  from  
th e  d e n s i ty  m easurem ent a lo n e .  As w i l l  he  s e e n  l a t e r ,  d e n s i ty  m easurem ent 
i s  a l s o  r e q u i r e d  f o r  m ass f lo w  m e asu re m en t,
N o te : The te rm s  d e n s i ty  and s p e c i f i c  g r a v i t y  a r e  u se d  in te r c h a n g e a b ly  and 
t h i s  c an  le a d  t o  some c o n fu s io n , F o r  c l a r i t y  th n  te rm s  a r e  d e f in e d  b e lo w .
D e n s i ty  i s  th e  mass p e r  u n i t  volum e and h a s  u n i t s  kg /ra1
S p e c if ic  G r a v i ty  (SG) Is is t h e  m ass r a t i o  o f  e q u a l vo lum es o f  t h e  ma­
t e r i a l  and w a te r  a t  s ta n d a r d  c o n d i t io n s  and i s  d im e n s io n le s s .
The te c h n iq u e s  f o r  m e asu r in g  d e n s i ty  f a l l  i n t o  t h r e e  c a t e g o r i e s ,  nam ely 
fu n d am e n ta l m ass m e asu re m en t, n e a r ly  d i r e c t  mass m easurem ent and 
i n f e r e n t i a l  m ass m e asu -e m en t, The f i r s t  tw o a r e  l i k e l y  t o  g iv e  th e  m ost 
a c c u r a t e  and c o n s i s t e n t  r e s u l t s  and th e  d i s c u s s io n  w i l l  c e n t r e  on th e s e  
c a t e g o r i e s .  I t  i s  s e e n  t h a t  a l l  te c h n iq u e s  m easu re  t h e  mass o f  th e  m a te ­
r i a l .  To d e r iv e  t h e  d e n s i ty  t h e  a s su m p tio n  i s  a lw ays made t h a t  th e  volum e 
i s  f i x e d  and known ( f u l l  'c o n t a i n e r ' ) .
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The v a r io u s  te c h n iq u e s  a r e  d is c u s s e d  below :
2 .3 .1  G R A V IM E T R IC  M : HOD
A d ia g ra m  o f  t h i s  d e v ic e  i s  shown in  F ig u re  4 on p ag e  14, The m ethod i s  
v e ry  s im p le  and  c o n s i s t s  s im p ly  o f  ta k in g  a s e c t i o n  o f  p ip e  o l  known 
v o lim e , f i l l e d  w i th  t h e  s l u r r y  and w eig h in g  i t .  The me chad is th u s  one 
o f  fu n d am e n ta l m ass m e asu re m en t, The s e c t i o n  o f  p ip e  w h ich  i s  w eighed  i s  
u s u a l ly  form ed i n t o  a  U -tu b e , b u t  t h e r e  h as be en  a p r o p o s a l  t o  u s e  a  
s t r a i g h t  s e c t i o n  o f  p ip e .  [ B a k e r ,1979]
D e s p i te  i t s  s i m p l i c i t y  the . m ethod  h a s  s e v e r a l  l i m i t a t i o n s . E a r ly  d e v ic e s  
w ere  s e n s i t i v e  t o  p r e s s u r e ,  and d e v ,'co s  a r e  n o rm a lly , l i m i t e d  i n  t h e i r  
w o rk in g  p r e s s u r e .  P ro b le m s c an  a l s o  a r i s e  w i th  t h e  f l e x i b l e  c o u p lin g s , 
The m ethod a l s o  d o e s n o t  o f f e r  h ig h  a c c u r a c ie s  and in p r a c t i c a l  im p le ­
m e n ta t io n  i s  n o t  a lw ay s  p u t  i n - l i n i ‘ , b u t ,  a  sam p le  o f  t h e  s l u r r y  m a te r ia l  
i s  ta p p e d  o f f  and f lo w s  th r o u g h  th e  m e te r .  I t  i s  how ever n e c e s s a r y  t o  keep  
th e  v e l o c i t y  above  th e  s l u r r y  s e t t l i n g  v e lo c i t y  t c  p r e v e n t  d e p o s i t i o n  o f  
s o l i d s  i n  t h e  m e te r  c a u s in g  an  e r r o r  i n  th e  rooflsurfm ent.
2 .3 .2  D IF F E R E N T IA L  PR E SS U R E  METHOD
An exam ple  o f  a  m e te r  b a sed  on t h i s  p r i n c i p l e  i s  shown i n  F ig u re  5 on page  
15 . The m e te r  h a s  an  in v e r t e d  'U ' - lo o p  in  th e  s l u r r y  l i n e ,  By m e asu r in g  
th e  p r e s s u r e  d i f f e r e n c e  b e tw een  th e  to p  and b o tto m  o f  t h e  tw o le g s  and 
m aking  c e r t a i n  a s s u m p tio n s , t h e  c o n c e n t r a t i o n  o f  th e  s l u r r y  c an  b e  o b - 
t a i n e d f M u l l e r , 1983,•S lo m ia n o ,1979}. The m ethod i s  c o n s - l e r e d  t o  b e  u s e f u l  
b u t  n o t  e x p e c te d  to  y i e l d  h ig h  a c c u ra c y . U n lik e  a l l  th e  o th e r  m e te rs  i n  
Chs l i t e r a t u r e  s u r v e y ,  i t  i s  n o t  known i f  t h e r e  i s  a  c om m erc ia l m e te r  
b a se d  on t h i s  p r i n c i p l e .  The p r i n c i p l e  i s  o n e  o f  n e a r ly  d i r e c t  m ass 
m easu rem en t.
2 . 3 . 3  N U CLEA R R A D IA T IO N  METHOD
U n lik e  t h e  n u c le a r  r a d i a t i o n  m e te r  w hich  u s e s  n e u t ro n  r a d i a t i o n  f o r  
m o is tu re  m easu rem en t ( d is c c u s s e d  e a r l i e r ) , t h i s  m ethod  u s e s  gamma ra y s  
and m e asu re s  t h e  d e n s i ty  o f  t h e  m a te r i a l  in  th e  p ip e .  N u c le a r  d e n s i ty  
m e te r s  a r e  r a p id l y  b e in g  a c c e p te d  as t h e  s ta n d a r d  f o r  d e n s i ty  m e asu rem en t, 
a r e  commonly a v a i l a b l e  and g iv e  a c c u r a te  and c o n s i s t e n t  r e s u l t s , [ C  and 
I , 1 9 8 2 ;S p r in g e r ,1979]
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F ig u re  6 , G ra v im e tr ic  D e n s i ty  M eter
The m easurem ent te c h n iq u e  is a s  f o l lo w s .  A n u c le a r  s o u r c e  (C easium -137  
w ith  30 y r .  h a l f  l i f e ,  o r  C o b a lt-6 0  w i th  5 y r .  h a l f  l i f e )  and a d e t e c to r  
( e i t h e r  an i o n i s a t i o n  cham ber o r  s c i n t i l l a t i o n  c o u n te r )  a r e  p la c e d  
d i a m e t r i c a l l y  o p p o s i t e  th e  p ip e .  H igh e n e rg y  gamers r a y s  a r e  beamed th ro u g h  
th e  p ip e  anti o n to  t h e  d e t e c t o r .  When gamma rays p a s s  th ro u g h  th e  m a te r ia l  
th e y  a re  a b so rb e d  in  p r o p o r t io n  t o  the i s a t o r i a l  d e n s i ty .  An in c r e a s e  in  
t h e  m a te r i a l  d e n s i ty  r e s u l t s  i n  a r e d u c e d  d e t e c to r  o u tp u t ,
T h u s , th e  m easu rem en t o f  t h e  a b s o rp t io n  o f  th e  r a y s  by th e  m a te r ia l  i s  a 
d i r e - . t  m easu re  o f  th e  d e n s i ty  o f  th e  m a t e r i a l .  F o r  a c c e p ta b le  s t a b i l i t y  
and e l im in a t io n  o f  e x c e s s iv e  d r i f t ,  i t  must be e n su re d  t h a t  a t  l e a s t  5% 
o f  th e  gamma r a y s  a r e  a b so rb e d . C o n v e r s ly , i f  p ip e  d ia m e te r  and d e n s i ty  
a r e  to o  g r e a t ,  n o t  enough r a d i a t i o n  c an  p e n e t r a t e  t h e  d e t e c to r .
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F ig u re  5 . D i f f e r e n t i a l  P r e s s u r e  C o u n tu rf lo y  M eter
F o r  th e  m a jo r i t y  o f  d e n s i ty  a p p l i c a t i o n s  C aesium -137 i s  u s e d  a s  th e  
r a d io i s o to p e .  S o u rc e  s i z e s  n o rm a lly  v a ry  b e tw een  10 end 2000 mCi 
( m i l l i c u r i e s )  a s  a f u n c t io n  o f  p ip e  d ia m e te r  and  s p e c i f i c  g r a v i t y  sp a n . 
G auge s e n s i t i v i t y  i s  in c re a s e d  by th e  u s e  o f  c o l l im a te d  beam geom etry  
w h ich  r e s t r i c t s  r a d i a t i o n  in  a l l  d i r e c t i o n s  e x c e p t  f o r  a  d i r e c t  p a th  to  
th e  d e t e c t o r .  T h is  m in im ise s  s c a t t e r  and p e rm i ts  t h e  u se  o f  l a r g e r  so u rc e s  
w i th  in c r e a s e d  m e asu r in g  s e n s i t i v i t y .  M ost d e s ig n s  a re  su c h  t h a t  r a d i ­
a t i o n  i n t e n s i t y  a t  300mm from  th e  gauge s u r f a c e  in  any  d i r e c t i o n ,  w i l l  
n o t  ex ce ed  5 mR/h ( m i l l i r o n t g a n s  p e r  h o u r ) .  T h is  i s  t h e  s a f e  v a lu e  f o r  
any p r o c e s s  a re a  w here  th n  o p e r a t o r 's  occupancy  i s  l o s s  th a n  tw e n ty  h o u rs  
p e r  w eek, The s o u r c e  h o J d e t  i s  p r o v id e d  w ith  a  s h u t t e r  m echanism  to  c lo s e  
th e  r a d i a t i o n  beam p a r t  d u r in g  i n s t a l l a t i o n ,  when th e  pow er f a i l s  o r ,  
w here  r e q u i r e d ,  from  a  rem o te  c o n t r o l  b o a rd .
The minimum m e asu r in g  f u l l  s c a l e  sp a n  i s  a b o u t 0 ,0 5  SG u n i t s  w ith  a  c o r ­
r e s p o n d in g  a c c u ra c y  o f  0,000.5 o r  b e t t e r .  When m e asu r in g  s m a ll s p a n s ,  th e  
z e r o  d r i f t  d u e  t o  so u rc e  d e ca y  becom es an im p o r ta n t  c o n s id e r a t i o n ,  The 
s o u r c e  d e ca y  c o m p en sa to r  u n i t  i s  e s s e n t i a l  f o r  su c h  i n s t a l l a t i o n s .  For 
w id e r  r a n g e s ,  Xt i s  e s s e n t i a l  o n ly  i f  t h e  s o u r c e  i s  C o b a lt- 6 0 . The so u rc e  
d e c a y  e f f e c t  w ith  C aesium -137  I s  o n ly  a b o u t 3”,  p e r  y e a r .  P ro c e s s  m a te r i a l s  
w i th  h ig h  te m p e r a tu re  e x p a n s io n  c o e f f i c i e n t s  a r e  p r o v id e d  w i th  te m p e r ­
a tu r e  cawpansatlon if v a r i a t i o n s  in  te m p e r a tu re  i s  e x p e c te d .
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The d is a d v a n ta g e  o f  a n u c l e a r  d e n s i ty  gauge i s  t h a t  a  p e rm i t  i s  ne ed e d  
t o  o p e r a te  i c ,  a n d  s u i t a b l y  q u a l i f i e d  p e r s o n n e l  m ust b- em ployed t o  a c c e p t  
r e s p o n s i b i l i t y  f o r  t h e  n u c l e a r  s o u r c e .  Some o p e r a to r s  may a l s o  b e  r e l u c ­
t a n t  t o  o p e r a te  th e  gas>£ei and e x t r a  p r e c a u t i o n s  m ust b e  ta k e n  t o  m in im ize  
th e  h e a l t h  h a z a rd .  H otuaver, i t  m ust b e  s t r e s s e d  t h a t  t h e  s a f e t y  r e q u i r e ­
m ents a r e  no  m ore o n e ro u s  t h a n  th o s e  ne ed e d  f o r  any  d a n g ero u s  m a te r i a l  
o r  c h e m ic i l .
2 .4  M O IST U RE  C O N T E N T / P E R C E N T  SO L ID S EV ALU A TIO N
Zt s h o u ld  b e  c l e a r  t h a t  t h e  d e n s i ty  m e te r s  a re  t h e  b e s t  s o l u t i o n  s in c e  
n o t  o n ly  a r e  th e y  o f t e n  r e q u i r e d  f o r  c o m p en sa tio n  i n  d i r e c t  m o is tu re  
m easu rem en t b u t  a r e  a l s o  r e q u i r e d  t o  c a l c u l a t e  t h e  s o l i d s  m ass f lo w . I n  
c h o o s in g  a d e n s i ty  m e te r  i t  i s  c l e a r  t h a t  t h e  n u c l e a r  m e te r  oSfi:rs th e  
b e s t  p o s t i b i l i t y  o f  s u c c e s s .  I t  i s  n o t  a f f e c t e d  by  e x t e r n a l  a f f e c t s ,  i s  
a c c u r a t e ,  commonly a v a i l a b l e  and h a s  und erg o n e  e x te n s i v e  d e v e lo p m e n t by 
s e v e r a l  m a n u fa c tu re r s .
T h is  c o n c lu d e s  th e  rev ie w  o f  c o n c e n t r a t i o n  and m o is tu re  c o n te n t  m e te r s .  
The f o l lo w in g  c h a p te r  d i s c u s s e s  t h e  o th e r  a s p e c t  o f  t h e  p r o j e c t ,  n am ely , 
t e c h n iq u e s  f o r  m e a su r in g  th e  m ass f lo w ra te  o f  h ig h  c o n c e n t r a t io n  
s l u r r i e s .
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3 . 0  M A SS M ETERIN G  EQ UIPM ENT
3 .1  IN T R O D U C T IO N
To m eet t h e  p r o j e c t  o b j e c t i v e s  in s t r u m e n ta t i o n  i s  r e q u i r e d  t o  m easu re  t h e  
s l u r r y  m o is tu re  c o n te n t  and m ass f l o w r a t e .  T h is  c h a p te r  d i s c u s s e s  
i n s t r u m e n ta t i o n  t o  m easu re  t h e  m ass flow rate o f  h ig h  c o n c e n t r a t io n  
s l u r r i e s .
Two b a s i c  te c h n iq u e s  a re  u s e d . The f i r s t  t e c h n iq u e  u s e s  c o r i o l i s  f o rc e s  
t o  m easu re  m ass f lo w  d i r e c t l y ,  and th e  se co n d  te c h n iq u e  a d o p te d  i s  t o  
c a l c u l a t e  t h e  m ass f lo w . O r i g in a l ly  t h i s  was done u s in g  a n a lo g u e  co m p u ters  
b u t  m ore and  m ore m a n u fa c tu re rs  a r e  in t r o d u c in g  m ic r o p ro c e s s o r  b a se d  
s y s te m s .
3 .2  MASS FLOW M ETER
The Mass Flow  M e te r  m easu res a  v e ry  s m a ll  f o r c e  g e n e r a te d  by  th e  p r o c e s s  
f l u i d  a s  i t  moves th ro u g h  th e  s e n s o r  tu b e .  T h is  f o r c e  r e s u l t s  from  th e  
a c c e l e r a t i o n  o r  d e c e l e r a t i o n  o f  t h e  f l u i d  p a r t i c l e s  a s  t h e  tu b e  v i b r a t e s  
p e r p e n d ic u l a r  t o  t h e  d i r e c t i o n  o f  f lo w . The f o rc e  i s  a n a lo g o u s  t o  th e  
c o r i o l i s  f o r c e  w hich  c a u s e s  s i r  c u r r e n t s  t o  c i r c u l a t e  a ro u n d  th e  r o t a t i n g  
e a r t h ,  and  t o  g y ro s c o p ic  f o r c e s  em ployed  in  n a v ig a t i o n  sy s te m s .
M e te rs  b a s e d  on t h i s  p r i n c i p l e  w ere  i n i t i a l l y  a v a i l a b l e  o n ly  i n  s m a ll 
s i z e s ,  b u t  i n c r e a s in g ly  l a r g e r  m e te r s  (up t o  5 t o n s / h o u r )  a r e  becom ing  
a v a i l a b l e .  The m ass f lo w  m e te r  i s  a l s o  s u i t a b l e  f o r  m e asu r in g  g a s  m ass 
f l o w r a t e s ,  and t h i s  h a s  r e s u l t e d  i n  m e te r s  b a s e d  on t h i s  p r i n c i p l e  b e ­
com ing a v a i l a b l e  from  s e v e r a l  m a n u fa c tu re r s .
The d is c u s s io n  i n  t h e  r e m a in d e r  o f  t h i s  s e c t i o n  i s  b a sed  on  th e  M icro  
M otion  Mass Flow  M e te rfM ic ro  M o tio n ,3 9 8 3 ].
The f o r c e s  in d u c e d  by  th e  f l u i d  f lo w  on th e  s e n s o r  tu b e  a r e  th e  
c o r j .o l i s /g y r o s c o p i c  f o r c e s .  F ig u re  6 on p ag e  18 shows t h e  f l u i d  w ith  m ass 
(m) and  v e l o c i t y  (V) m oving  th ro u g h  th e  s e n s o r  w h ich  i s  r o t a t i n g  w ith  
a n g u la r  v e l o c i t y  (w) a b o u t a x is  0 - 0 .
F o rc e s  e x e r te d  by  th e  f l u i d  on eac h  l e g  (F I  and  F 2 ) a r e  280 d e g re e s  o u t  
o f  p h a s e .  The a n g u la r  v e l o c i t y  o f  t h e  s e n s o r  tu b e  i s  n o t  r e q u i r e d  t o  b e  
c o n s ta n t  l i t  can  o s c i l l a t e .  The a s s o c i a te d  f o r c e  i s  a l s o  o s c i l l a t o r y  and 
i s  p r o p o r t i o n a l  t o  t h e  f l u i d  m ass (m) and v e l o c i t y  (V ) . As th e  tu b e  v i ­
b r a t e s  a b o u t a x i s  0 - 0 , t h e  f o r c e s  c r e a t e  an o s c i l l a t i n g  moment a b o u t th e  
a x is  R-R . The t o t a l  moment (M) i s  t h e  i n t e g r a l  o f  th e  moments o f  a l l  th e  
f l u i d  p a r t i c l e s  a ro u n d  th e  s e n s o r  t u b e .  The moment M c a u se s  an a n g u la r
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d e f l e c t i o n  o r  twist o f  t h e  s e n s o r  a b o u t a x is  R-R, w h ich  i s  a t  i t s  maximum 
a t  th e  m id p o in t o f  t h e  v i b r a t i n g  tu b e  t r a v e l ,  ( s e e  F ig u re  7 on p ag e  1 9 ) .
The m ass flow  r a t e  can  b e  d e r iv e d  by m e asu r in g  th e  d e f l e c t i o n  a n g le  u s in g  
th e  tw o s e n s o rs  shown in  F ig u re  7 on page  19 . T h is  m easurem ent i s  accom ­
p l i s h e d  by m e asu r in g  th e  r e l a t i v e  t im e s  t h a t  e a c h  s e n s o r  d e t e c t s  th e  
m id p o in t c r o s s i n g  o f  th a  r e s p e c t iv e  l e g .  The tim e  d i f f e r e n c e  a t  z e r o  flo w  
i s  n u l l e d  by  c a l i b r a t i o n  o f  th e  s ig n a l  c o n d i t io n in g  e l e c t r o n i c s .
The m ass f lo w  r a t e  (Q) i s  p r o p o r t i o n a l  o n ly  t o  th e  tim e  i n t e r v a l  and g e ­
o m e tr ic  c o n s ta n t s  and  i s  in d e p e n d a n t o f  th e  v i b r a t i o n  f re q u e n c y  o f  th e  
s e n s o r  tu b e .  The m e te r  i s  a l s o  c a p a b le  o f  m e asu r in g  r e v e r s e  f lo w  d i r e c -
I t  i s  a l s o  p o s s ib l e  t o  o b t a in  a d e n s i ty  o u tp u t  from  th e  m e te r . The d e n s i ty  
o u tp u t  i s  how ever d e p e n d a n t on th e  s p r in g  c o n s t a n t s  and tu b e  m ass o f  t h e  
s e n s o r ,  and  th u s  s u b j e c t  t o  d r i f t  a s  m e ta l f a t i g u e  t a k e s  p l a c e ,  The o u tp u t  
i s  s u i t a b l e  o n ly  f o r  r e l a t i v e  d e n s i ty  a p p ro x im a tio n s .
The m a jo r  l i m i t a t i o n  o f  u s in g  t h i s  m e te r  in  t h e  p r e s e n t  p r o j e c t  i s  t h a t  
i t  in d u c e s  a la r g e  p r e s s u r e  d ro p  w hich  i s  d e p e n d a n t on  th e  f l u i d  
v i s c o s i t y ,  d e n s i ty  and v e l o c i t y ,
Fluid Mess m 
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F ig u re  6 . M ic ro  M otion  S e n so r  Tube
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F ig u re  7 .  M icro M otion  O p e ra t in g  P r i n c i p l e
3 .3  MASS FLOW COMPUTER
TL* r.iass f lo w  i s  d e r iv e d  from  th e  p r o d u c t  o f  t h e  v o lu m e tr ic  flow  r a t e ,  
t h e  m a te r i a l  d e n s i ty  and  th e  s o l i d s  c o n c e n t r a t io n .  The p r o d u c t  o f  th e  
v o lu m e tr ic  f lo w  r a t e  and d e n s i ty  g iv e  t h e  t o t a l  m ass f lo w  r a t e .  M u l t i ­
p ly in g  t h i s  by th e  p e rc e n t  s o l i d s  ( c o n c e n t r a t io n )  g iv e s  t h e  mass f low  r a t e  
o f  t h e  s o l i d s ,  i . e .
SF = F .i'S .SG
F = volum e flo w  o f  s l u r r y  in  m3/ h r  (fro m  f lo w m ete r)
PS = p e rc e n t  s o l i d s  ( c o n c e n t r a t io n )  by w e ig h t 
SG =  s l u r r y  s p e c i f i c  g r a v i t y
The v o lu m e tr ic  f lo w  r a t e  i s  o b ta in e d  from  a  f lo w m e te r , w h ile  th e  d e n s i ty  
i s  o b ta in e d  from  a d e n s i ty  gauge and th e  p e r c e n t  s o l i d s  from  a co n ce n ­
t r a t i o n  m e te r .  I t  was shown in  th e  re v ie w  o f  c o n c e n t ra t io n  m easurem ent 
i n  s e c t i o n  " C o n c e n tr a t io n  o r  P e r c e n t  S o l id s  M easurem ent” on p ag e  11 t h a t
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a  d e n s i ty  gauge  c an  b e  u s e d  t o  m easu re  b o th  t h e  s p e c i f i c  g r a v i t y  and th e  
c o n c e n t r a t i o n  o f  a  s l u r r y .
The m ass f lo w  c om pu ter ( u s u a l ly  a  s ta n d  a lo n e  u n i t )  h a s  an  in p u t  f o r  
v o lu m e tr ic  f lo w  r a t e ,  SG and p e r c e n t  s o l i d s ,  and p r o v id e s  s i g n a l  o u tp u ts  
o f  b o th  s o l i d s  c o n c e n t r a t i o n  and  m ass f lo w  r a t e ,
3 . 4  MASS FLOW EV ALU A TIO N
One o f  t h e  m ain c o n s t r a i n t s  on  th e  i n s t r u m e n ta t io n  i s  t h a t  i t  m ust n o t  
i n t r o d u c e  a  p r e s s u r e  d ro p . T h u s , i t  i s  n o t  p o s s i b l e  t o  u s e  a  Mass f lo w  
M e te r . T h e r e f o r e ,  th e  m ass f lo w  i s  c a l c u l a t e d  by  means o f  a  m ass f low  
c o m p u te r . T h is  h a s  a d v a n ta g e s  a s  a d e n s i ty  gauge i s  a l r e a d y  r e q u i r e d  to  
m easu re  th e  s l u r r y  c o n c e n t r a t i o n ,  i n  t h i s  p r o j e c t  a  n u c le a r  d e n s i ty  gauge 
i s  u se d  t o  d e te rm in e  th e  d e n s i ty  and s l u r r y  c o n c e n t r a t io n .
To c o m p le te  th e  m ass f lo w  c a l c u l a t i o n ,  t h e  v o lu m e tr ic  f lo w r a te  m ust be 
d e te r m in e d . D i f f e r e n t  f lo w  m e asu r in g  p r i n c i p l e s  a r e  d is c u s s e d  in  t h e  n e x t  
c h a p te r .
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4 .0  FLOW M EASUREMENT
4 .1  IN T R O D U C T IO N
I n  t h e  p r e v io u s  c h a p te r  i t  was shown t h a t  a  m ass f lo w  c om pu ter can  b e  used  
to  c a l c u l a t e  t h e  m ass f l o w r a t e  o f  a  s l u r r y  b a s e d  on th e  SG, v o lu m e tr ic  
f lo w r a te  and s o l i d s  c o n c e n t r a t i o n .  T h is  c h a p te r  d i s c u s s e s  te c h n iq u e s  f o r  
m e a su r in g  th e  v o lu m e tr ic  f l o w r a t e .
A lth o u g h  t h e r e  a r e  s e v e r a l  m ethods f o r  m e a su r in g  f lo w , su c h  a s  o r i f i c e  
p l a t e s ,  v o r te x  m e te r s  and  t u r b i n e  m e te r s ,  o n ly  tw o m e te r s  w a r r a n t  s e r i o u s  
c o n s id e r a t i o n  f o r  t h e  m easu rem en t o f  s l u r r i e s .  T hese  a r e  u l t r a s o n i c  me­
t e r s  and  m a g n e tic  f lo w m e te r s .  I n  g e n e r a l ,  f lo w m e te r s  m easu re  t h e  v e lo c i t y  
o f  t h e  f l u i d  i n  a p ip e .  The v o lu m e tr ic  f lo w r a te  i s  d e te rm in e d  from  th e  
p ip e  d im e n s io n s  and  th e  a s su m p tio n  t h a t  t h e  p ip e  i s  f u l l .
4 .2  U L T R A SO N IC  M ETERS
U l t r a s o n ic  m e te r s  [ M e r r l t ,1 9 3 2 ; H in t e k ,193 3 ;]  a r e  u s u a l ly  b a s e d  on o n e  o f  
tw o p r i n c i p l e s ,  m easu rem en t o f  t r a n s i t  t im e  o r  m easu rem en t o f  d o p p le r  
f re q u e n c y  s h i f t .  Of t h e  tw o , d o p p le r  i s  Che m ost commonly u s e d  and o n ly  
d o p p le r  m e te rs  w i l l  b e  d is c u s s e d .
tfhisn d o p p le r  m e te r s  w ere  i n t r o d u c e ,  th e y  v e re  h e r a ld e d  a s  t h e  f i r s t  i d e a l  
and u n iv e r s a l  f lo w m e te r s .  The m e te r s  w ere  n o n - in t r u s iv e  and c o u ld  i n  f a c t  
b e  s im p ly  clam ped  o n to  t h e  p ip e  c o n v ey in g  th e  m a t e r i a l .  The m e te rs  d id ,  
h o w ev e r, i .o t  l i v e  up t o  t h e i r  p ro m is e , l a r g e l y  due  t o  p o o r  q u a l i t y  a n d , 
p o s s ib l y ,  i n c o r r e c t  a p p l i c a t i o n .
More r e c e n t l y  th e  q u a l i t y  o f  t h e  m e te r s  h a s  im p ro v e d , and  th e  m e te r s  a re  
b e in g  recommended in  i n s t r u m e n ta t io n  j o u r n a l s  f o r  m e a su r in g  th e  f lo w ra te  
o f  s l u r r i e s .
The p r im e  a d v an ta g e  o f  su c h  in s t r u m e n ts ,  a r e ,  t h a t  th e y  a r e  n o n - in t r u s iv e ,
-  th e y  can  a l s o  b e  f i x e d  o n to  p ip e w o rk  w ith o u t  i n t e r r u p t i n g  th e  p r c e e v s . 
T h e i r  c o s t  d o e s  n o t  r i s e  w i th  p ip e  d ia m e te r  and th e y  c an  a l s o  m easu re  
s l u r r i e s  w ith  m a g n e tic  p r o p e r t i e s .  I t  i s  f u r t h e r  c la im e d  t h a t  th e y  a rc  
i n e x p e n s iv e ,  a c c u r a te  end when p r o p e r ly  a p p l i e d ,  g iv e  r e p r o d u c ib le  r e -
The m e te r  o p e r a te s  by  t r a n s m i t t i n g  an  u l t r a s o n i c  beam th ro u g h  th e  w a l l  
o f  t h e  p ip e .  The bess: i s  b a c k s c a t t e r e d ,  o r  r e f l e c t e d  from  p a r t i c l e s  in  
t h e  s l u r r y  o r  o r e ,  o r  from  a i r  b u b b le s ,  I f  t h e s e  p a r t i c l e s  a re  m oving 
t h e i r  v e l o c i t i e s  a r e  a dded  t o  ( o r  s u b t r a c t e d  from ) th e  v e lo c i t y  o f  th e  
r e f l e c t e d  u l t r a s o n i c  beam in  th e  medium. The r e s u l t i n g  change  i n  f re q u e n c y  
be tw ee n  th e  i n c id e n t  and  r e f l e c t e d  beam i s  known a s  t h e  D o p p le r  s h i f t ,  
and  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  o f  t h e  p a r t i c l e s .  A com bi­
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n a t io n  o f  th e  d o p p 3 e r e q u a t io n  and S n e l l ' s  law  shows t h a t  th e  change  in  
f re q u e n c y  i s  :
F re q u en c y  change = f l - £ 2  = (2V .cos x ) /C
f l  and f 2 a r e  th e  t r a n s m itu e d  and r e f l e c t e d  beams r e s p e c t iv e  f r e ­
q u e n c ie s ;
x i s  th e  y n g le  be tw een  th e  a x is  o f  th e  p ip e  and th e  in c id e n t  u l t r a ­
s o n ic  beam;
C i s  t h e  v e l o c i t y  o f  sound  in  th e  medium; and
V i s  th e  v e lo c i t y  o f  th e  r e f l e c t i n g  p a r t i c l e s ,  and i s  much s m a l le r  
The mode o f  o p e r a t io n  i s  shown in  F ig u re  8.
F ig u re  6- D o p p le r  Flow m eiur Schem atic
F o r  t r a n s m is s io n  o f  th e  u l t r a s o n i c  beam , t h e r e  m ust b e  an a c o u s t i c  bond 
be tw een  th e  t r a n s d u c e r  and th e  p ip e ,  and th e  w a l l  o f  t h e  p ip e  m ust 
t r a n s m i t  t h e  u l t r a s o u n d  i n to  th e  s l u r r y .  F u r th e r ,  s i n c e  R a y le ig h  b a ck -  
s c a t t e r i n g  de p en d s on eho th e  s i z e  o f  th e  p a r t i c l e s  (a  r e l a t i o n  t o  th e  
t h i r d  pow er) t h e  s l u r r y  m ust c o n ta in  p a r t i c l e s  o f  a c e r t a i n  s i z e  and in  
a c e r t a i n  c o n c e n t r a t io n .
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SUSPLHDED SOLOS AMD BUBBLES-
In  o r d e r  t o  e v a lu a t e  d o p p le r  m e te r s , i n v e s t i g a t i o n s  w ere  u n d e r ta k e n  by 
th e  C o u n c il f o r  M in e ra l T ec h n o lo g y  (M in tek ) u s in g  s i x  d i f f e r e n t  d o p p le r  
m e te r s .  The t e s t s  w ere  c o n d u c te d  on m in e -sa n d  s l u r r y  a t  t h r e e  r e l a t i v e  
d e n s i t i e s  1 ,0 4 0 , 1 ,1 6 7  and 1 ,2 7 1  w i th  f lo w  r a t e s  o v e r  t h e  ra n g e  1 ,5  m /s 
t o  6 m /s .
The m a jo r  r e s u l t s  o f  t h e  t e s t s  r e v e a le d  t h a t  a l l  f lo w m e te r s  re sp o n d e d  w e l l  
t o  c h a n g e s  i n  f lo w  and g av e  l i n e a r  o u tp u ts  t o  w i th in  2 % o f  t h e  maximum. 
The tim e  c o n s ta n t s  f o r  d o p p le r  m e te r s  i s  lo n g e r  th a n  t h a t  o f  m a g n e tic  
f lo w m e te r s  and t h a t  t h e  s lo p e  o f  t h e  r e s p o n s e  d e c r e a s e s  a s  t h e  d e n s i ty  
o f  t h e  s l u r r y  in c r e a s e s  ( th o u g h t  t o  b e  due  t o  t h e  v e l o c i t y  p r o f i l e ) ,  
[M in te k ,1964]
4 .3  M A G NETIC FLOW METERS
M a g n e tic  f lo w m e te rs  w ere  s p e c i f i c a l l y  d e s ig n e d  f o r  th e  m easu rem en t o f  
f lo w r a te s  i n  s l u r r i e s [ M a r k s ,1 9 7 7 ;S p r i n g e r , 2 9 8 0 ] . The m a g n e tic  f lo w m ete r  
i s  b a s e d  on F a r a d a y ’ s  law  o f  e le c t r o m a g n e t ic  i n d u c t io n .  As th e  m a te r i a l  
f lo w s  th ro u g h  th e  m a g n e tic  f i e l d ,  w h ich  i s  s e t  up b y  e x c i t i n g  th e  m e te r 's  
e le c t r o m a g n e ts ,  an  ' l e c t r i c  v o l t a g e ,  w h ic h  i s  d i r e c t l y  p r o p o r t i o n a l  t o  
t h e  l i q u i d ’ s  v e l o c i t y ,  i s  in d u c e d  in  t h e  l i q u i d  w hich  a c t s  a s  t h e  e l e c ­
t r i c a l  c o n d u c to r  i . e .
U = The in d u c e d  v o l t a g e  (V)
S = The m a g n e tic  f i e l d  s t r e n g th  (T e s la )
S *  The d i s t a n c e  b e tw een  th e  e l e c t r o d e s  (m) 
v  == The v e l o c i t y  o f  th e  m a te r i a l  (m /s )
The o p e r a t io n  i s  shown in  F ig u re  9 on p ag e  24.
The in d u c e d  v o l ta g e  i s  p e r p e n d ic u l a r  t o  b o th  t h e  c o n d u c tiv e  l i q u i d  and 
th e  m a g n e tic  f i e l d  s e t  up by  th e  m e te r 's  c o i l s .  The v o l ta g e  i s  m easured  
f o r  su b se q u e n t t r a n s m is s io n  t o  an a p p l i c a b l e  c o n v e r t e r .  The f l u x  d e n s i ty  
o f  th e  m a g n e tic  f i e l d  and th e  d i s t a n c e  be tw een  th e  e l e c t r o d e s  a r e  c o n ­
s t a n t ;  t h e r e f o r e  t h e  in d u c e d  v o l ta g e  i s  s o l e l y  a f u n c t i o n  o f  t h e  
m a t e r i a l 's  v e l o c i t y ,  The In d u ce d  v o l ta g e  i s  n o t  a f f e c t e d  by  te m p e r a tu re ,  
v i s c o s i t y ,  o r  c o n d u c t iv i t y  -  a s  lo n g  a s  t h e  c o n d u c t iv i t y  o f  t h e  m easured  
l i q u i d  i s  above  a minimum th r e s h o ld  l e v e l  (m in . 0 ,0 5  m ic ro S ie m e n s /cm ). 
F o r  r e l i a b l e  m e asu re m en ts , th e  p ip e  m ust b e  c o m p le te ly  f u l l  o f  l i q u i d .  
T h is  i s  n e c e s s a r y  a s  t h e  e l e c t r o d e  v o l t a g e  i s  a  w e ig h te d  f u n c t i o n  o f  t h e  
in d u c e d  v o l t a g e  th r o u g h o u t  th e  c r o s s - s e c t i o n  o f  t h e  p ip e .  S e c o n d ly , th e
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m e te r  o u tp u t  i s  o f t e n  ta k e n  a s  a v o lu m e tr ic  f lo w ra te  w hich  i s  o n ly  v a l id  
i f  t h e  p ip e  i s  f u l l .
To p r e v e n t  t h e  v o lta g f l b e in g  s h o r te d  o u t  th ro u g h  th e  m e te r  w a l l s ,  th e  
m e te r  m ust b e  l in e d  w ith  an i n s u l a t i n g  l i n i n g .  The m a g n e tic  f lo w m ete r  i s  
a v a i l a b l e  w i th  d i f f e r e n t  l i n i n g s ,  d i f f e r e n t  e l e c t r o d e s  ( in c lu d in g  
c a p a c i t i v e  p ic k - u p j  and w i th  c i t h e r  AC o r  DC e x c i t a t i o n .
4 .3 .1  C H A R A C T E R IS T IC S
The m a g n e tic  f lo w m ete r  h a s  th e  fo l lo w in g  a d v a n ta g e s :
1 . L in e a r  i n d i c a t io n  o f  a v e ra g e  flo w  v e l o c i t y ,  th u s  e n s u r in g  s u p e r i o r  
a c c u ra c y  to  d i f f e r e n t i a l  p r e s s u r e  m e te r s .
2 . The m e te r  i s  n o n - in t r u s iv o ,  t h e r e f o r e  w ear and p r e s s u r e  l o s s  i n  th e  
m e te r  a r e  th e  same a s  an  e q u iv a le n t  le n g th  o f  s t r a i g h t  p ip e .
3 . The m e te r in g  i s  in d e p e n d e n t o f  th e  n a tu re  o f  t h e  f low  ( tu r b u le n t  o r  
la m in a r ) .
4 .  The m easu rem en t i s  in d e p e n d e n t o f  te m p e r a tu re ,  p r e s s u r e ,  v i s c o s i t y ,  
d e n s i ty ,  c o n c e n t r a t i o n ,  and d i r e c t i o n  o f  f lo w .
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5 . T h e re  i s  no p r e f e r r e d  f lo w  d i r e c t i o n  and  ev en  p u l s a t i n g  flows can be 
m easu red .
6 . The p r im a ry  he ad  (detector) c an  b e  m ounted  i n  any p o s i t i o n .
7 . The m ethod i s  in d e p e n d e n t o f  u n d is s o lv e d  s o l i d s  i n  t h e  medium.
8 . The m ethod c an  b e  u s e d  t o  m easu re  c h e m ic a l ly  c o r r o s iv e  l i q u i d s  by 
s u i t a b l e  c h o ic e  o f  t u b e  l i n e r s  and e l e c t r o d e s .
9 . The o u tp u t  s i g n a l  i s  a  v o l ta g e  w h ich  i s  r e a d i l y  c o n v e r te d  t o  any d e ­
s i r e d  e l e c t r i c a l  q u a n t i t y .
10 . A ccu racy  o f  up t o  0.5%  o f  r a t e  down t o  10% o f  f u l l  s c a l e  and t h e r e ­
a f t e r  an a c c u ra c y  o f  0 .5 ? , o f  f u l l  s c a l e .  The p e r c e n t - o f - r a t e  a c c u ra c y  
m eans t h e  m e te r  rem a in s  a c c u r a te  a t  low  flo w  r a t e s .
11. A tu rn -d o w n  r a t i o  ( i . e .  maximum to  minimum f lo w r a te )  o f  10 to  1 i n  a 
s p a n  o f  40 t o  1.
The d is a d v a n ta g e s  o t  t h e  m e te r  a re :
1 . P r e s s u r e  and  te m p e r a tu re  l i m i t a t i o n s  im posed  by t h e  l i n e r  and 
e l e c t r o d e  m a te r i a l .
2 .  T he f l u i d  m ust h a v e  s u f f i c i e n t  c o n d u c t iv i t y ,  i . e .  t y p i c a l l y  g r e a t e r  
th a n  20 yS/cm .
3. The f l u i d  m ust n o t  c o n ta in  m a g n e tic  m a t e r i a l s .
4 .  The c o s t  o f  t h e  m e te r  i s  h ig h .
4 .3 .2  S1NEWAVE O R PU LSED  D C E X C IT A T IO N
I n  o r d e r  f o r  s  m a g n e tic  f lo w m e te r  t o  o p e r a t e ,  a  m a g n e tic  f i e l d  m ust b e  '"J
e s t a b l i s h e d .  The f i e l d  i s  e s t a b l i s h e d  by c o i l s  m ounted on th e  m e te r  body.
An AC o r  p u ls e d  DC v o l ta g e  i s  u.sed t o  e x c i t e  th e  c o i l s .
S inew ave o r  AC e x c i t a t i o n  o f  m a g n e tic  f lo w m ete rs  h a s  b e e n  in  u se  f o r  more 
th a n  tw e n ty  y e a r s .  T h is  m ethod  was o r i g i n a l l y  u se d  b e c a u s e  of i t s  manu­
f a c t u r i n g  s i m p l i c t y .  The m ethod how rvar h a s  s e v e r a l  d i s a d v a n t a g e s : 
[M arks,1 9 7 7 ;S p r in g e r ,1980]
1 . AC m e te r s  h av e  a h ig h  pow er c o n su m p tio n  w h ic h  r e s u l t s  from  th e
r e a c ta n c e  o f  t h e  m a g n e tic  f i e l s  c o i l s .  The m e te r s  a r e  th u s  la r g e  and
2 . AC m e te r s  h av e  a q u a d ra tu r e  v o l ta g e  com ponent in d u c ed  o n to  t h e
e l e c t r o d e s  a s  a r e s u l t  o f  t r a n s fo r m e r  c o u p lin g  b e tw ee n  th e  e x c i t a t i o n  
c o i l s  and  th e  p a th  fo rm ed by a  l i n e  j o i n i n g  th e  e l e c t r o d e s  and th e
s i g n a l  c a b le s  e m an a tin g  from  th e  e l e c t r o d e s . T h is  v o l ta g e  i s  90 d e ­
g r e e s  o u t  o f  p h a se  w ith  t h e  v e l o c i t y  in d u c e d  v o l t a g e .  The m easu red
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s i g n a l  i s  th u s  t h e  v e c to r  sum o f  t h e  d e s i r e d  s i g n a l  and th e  q u a d ra tu r e  
com ponen t. E l im in a t io n  o f  t h i s  s i g n a l  i s  r e q u i r e d .
I f  t h e  c o n d u c t iv i ty  o f  t h e  f l u i d  i s  n o t  c o n s ta n t  a lo n g  th e  
c r o s s - s e c t i o n  and  a lo n g  th e  le n g th  o f  t h e  p r im a ry  h e a d , eddy c u r r e n t s  
r e s u l t  w h ich  v a ry  w i th  tim e . T h e r e f o r e ,  i n t e r f e r e n c e  v o l ta g e s  a r i s e  
w h ich  c a n n o t b e  f u l l y  s u p p r e s s e d  i n  t h e  m e te r .
F o u l in g  o f  t h e  e l e c t r o d e s  i n c r e a s e s  t h e  i n t e r n a l  r e s i s t a n c e  o f  th e  
s i g n a l  c i r c u i t  and  th e  c a p a c i t i v e  c o u p lin g  b e tw een  th e  m a g n e tic  c o i l s  
a n d  th e  s i g n a l  c i r c u i t r y ,  F u tb e rra o re , t h e  s i g n a l  c i r c u i t r y  becom es 
m ore s e n s i t i v e  t o  c a p a c i t i v e  t r a n s m is s io n  by i n t e r f e r e n c e  from  n e a rb y
I n t e r f e r e n c e  v o l t a g e s  may be c o u p le d  i n t o  t h e  s ig n a l  c i r c u i t  front 
n e a rb y  c a b le s  c a r r y i n g  h ig h  c u r r e n t s ,
Q c c a s io n a ly ,  su c h  a s  in  b u r ie d  p i p e l i n e s  n e a r  r a i lw a y  n e tw o rk s , s t r a y  
c u r r e n t s  o f  unknown p h a se  o r i e n t a t i o n  a r e  c a r r i e d  by th e  l i q u i d  
f lo w in g  in  t h e  p ip e  and by th e  p ip e  i t s e l f .  T h ese  c u r r e n t s  c an  g iv e  
r i s e  t o  i n t e r f e r e n c e  v o l t a g e s .
I n t e r f e r e n c e  v o l ta g e s  c an  be p ro d u c e d  a s  a  r e s u l t  o f  I n a d e q u a te  
e a r th in g  w hich  a llo w s  s t r a y  c u r r e n t s  t o  in d u c e  v o l ta g e s  in  t h e  m e te r  
b ody .
I n  AC m a g n e t i c - in d u c t iv e  flo w  m e asu re m en t, i n t e r f e r e n c e  v o l ta g e s  c an  
o n ly  b e  e l im in a te d  w ith  g r e a t  d i f f i c u l t y  i f  a t  a l l .
T he AC m e te r  r e q u i r e s  z e r o  p o in t  s e t t i n g  w hich  i s  done d u r in g  c a l i -
The p u ls e d  DC m a g n e tic  f lo w m ete r  was d e v e lo p e d  t o  overcom e vfie l i m i t a t i o n s  
o f  t h e  AC e x c i t e d  m e te r .  A c lo s e  e x a m in a tio n  w i l l  r e v e a l  t h a t  a lm o s t e v e ry  
s o u r c e  o f  e r r o r  i n  t h e  AC m e te r  i s  a  r e s u l t  o f  m a g n e tic  ( t r a n s f o r m e r )  o r  
c a p a c a r iv u  c o u p lin g  r e s u l t i n g  f r c n  th e  u s e  o f  AC f i e l d s .  To e l im in a te  th e  
An so u rc e s  o f  e r r o r  th e  DC f lo w m ete r  was d e v e lo p e d . The u s e  o f  p u ls e d  DC 
h as tw o a d v a n ta g e s  a p a r t  from  e l im in a t in g  p ro b lem s r e s u l t i n g  from  AC 
e x c i t a t i o n :
1. The p e r io d i c  r e v e r s a l  o f  t h e  f i e l d  ( t y p i c a l l y  6 t o  11 tim e s  a se co n d )  
p r e v e n ts  p o l a r i z a t i o n  o f  t h e  m a te r ia l  i n  t h e  p ip e  and r e d u c e s  b u ild u p  
on  th e  e l e c t r o d e s .
2, E v erv  tim e  th e  f i e l d  i s  r e v e r s e d ,  th e  s ig n a l  v o l ta g e  i s  m easured  a t  
t h e  a e r o  c ro s s i n g  p o i n t ,  th u s  a u to m a t ic  z e r o  co m p en sa tio n  t a k e s  p la c e  
a t  tw ic e  th e  p u ls e  r a t e .
A f a t h e r  a d v a n ta g e  o f  th o  p u ls e d  DC m e te r ,  i s  th a t ,  many m e te r s  now i n ­
c o r p o r a t e  a  m ic r o p ro c e s s o r ,  w h ich  a llo w s  f o r  s im p le  s e t t i n g  o f  sp a n , ran g e  
and o u tp u t  s c a l i n g ,  u s u a l ly  by moans o f  BCD s w i tc h e s .  T h is  r e s u l t s  from  
t h e  f a c t  t h a t  a l l  s i g n a l  c o n d i t io n in g  i s  p e rfo rm ed  m a th e m a tic a l ly  by  th e  
m ic r o p ro c e s s o r .  To change  th e  r a n g e  o n ly  t h e  c o n s ta n t s  in  t h e  s c a l i n g  
fo rm u la  h a s  to  b e  ch an g e d . A m e te r  u s in g  an a n a lo g u e  com pu ter ( o p e r a t io n a l  
a m p l i f i e r s )  w ould r e q u i r e  r o c d l i b r a t i o n  o f  th e  s c a l i n g  p o te n t io m e te r s .
N o rm ally , g iv e n  th e  d e v e lo p m e n t o f  t h e  p u ls e d  DC m e te r ,  t h i s  m e te r  s h o u ld  
alw ays b e  ch o sen  above  t h a t  o f  t h e  AC m e te r .  I t s  a d v a n ta g e s , s i m p l i c i t y  
and e a s e  o f  u s e ,  make i t  t h e  o v e r id i n g  c h o ic e  w h erev e r  a p p l i c a b l e .
N O TE D e s p i te  t h e i r  a d v a n ta g e s ,  p u ls e d  DC m e te r s  a r e  no  lo n g e r  s p e c i f i e d  
f o r  s l u r r y  a p p l i c a t i o n s !  A f t e r ,  t h e i r  I n t r o d u c t io n  u s e r s  n o te d  
in a d e q u a te  p e rfo rm a n c e  in  s l u r r y  a p p l i c a t i o n s .  The r e a s o n  m ost 
o f t e n  c i t e d  i s ,  t h a t  a s  t h e  s l u r r y  p a r t i c l e s  c o l l i d e  w i th  th e  
e l e c t r o d e s  th e y  in d u c e  n o is e  w h ich  r e s u l t s  in  i n c o r r e c t  r e a d in g s .  
T h is  h a s  be en  a t t r i b u t e d  t o  p o o r  e l e c t r o d e  d e s ig n  and a t  l e a s t  one 
m a n u fa c tu re r  w i l l  s t i l l  s p e c i f y  p u ls e d  DC m e te r s  f o r  s l u r r y  a p ­
p l i c a t i o n s .  The in d u c e d  n o is e  i s  n o t  a  p ro b lem  in  AC m e te r s  b e c a u se  
o f  t h e  h ig h e r  e f f e c t i v e  s a m p lin g  r a t e .
4 . 3 . 3  SE L E C T IO N  O F IN SU L A T IN G  LINER
An im p o r ta n t  p o in t  i n  t h e  s e l e c t i o n  o f  m a g n e tic  f lo w m ete rs  i s  th e  s e ­
l e c t i o n  o f  t h e  l i n e r .  T h is  n a t u r a l l y  v a r i e s  w i th  e v e ry  a p p l i c a t i o n  and 
d e te r m in e s  t h e  te m p e r a tu re  and  p r e s s u r e  r a t i n g  o f  t h e  m e te r  a s  w e l l  as 
i t s  r e s i s t a n c e  t o  c o r r o s io n  and  a b r a s io n .  T hese  r a t i n g s  r e s u l t  from  th e  
c h a r a c t e r i s t i c s  o f  t h e  l i n e r  m a t e r i a l .  As a  g e n e r a l  g u id e l in e  th e  c h a r ­
a c t e r i s t i c s  shown in  F ig u re  10 a p p ly . ( S p r in g e r . 1980]
L in e r  Type C o r ro s io n
C h a r a c t e r i s t i c
A b ra s io n
C h a r a c t e r i s t i c
T em p era tu re  
M a x .(C e ls iu s )
P r e s s u r e  
Max. (MPa)
H ard  R ubber
E x c e l le n t
S o f t  R ubber V a r ie s V ery Good 6 ,4
N eoprene V a r ie s E x c e l le n t
P o ly u re th a n e V a r ie s E x c e l le n t
T e f lo n  (PTFE) E x c e l le n t F a i r U
F ig u re  10. M a g n etic  F low m ete r L in o r  C h a r a c t e r i s t i c s
4 . 3 . 4  SE L E C T IO N  O F  ELE C T R O D E S
S e v e ra l  ty p e s  o f  e l e c t r o d e s  a r e  a v a i l a b l e ,  d i f f e r i n g  m a in ly  i n  a b ra s io n  
r e s i s t a n c e .  Many o f  t h e  e l e c t r o d e s  a r e  a n a tu r a l  e v o lu t io n  o f  m anu fac ­
t u r e r s  d e v e lo p m e n t. I n  n o rm al c irc u m s ta n c e s  t h e  s ta n d a r d  e l e c t r o d e s  su p ­
p l i e d  w ith  t h e  m e te r  w i l l  b e  s u f f i c i e n t .  F o r  e x tre m e  c irc u m s ta n c e s  o f
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N o rm a lly , g iv e n  th e  develo p m e n t o f  t h e  p u ls e d  DC m e te r ,  t h i s  m e te r  s h o u ld  
a lw ays b e  ch o sen  above t h a t  o f  t h e  AG m e te r .  I t s  a d v a n ta g e s , s im p l i c i t y  
and e a s e  o f  u s e ,  make i t  t h e  o v e rr id in g  c h o ic e  w h erev e r  a p p l i c a b l e .
N O TE D e s p i te  t h e i r  a d v a n ta g e s , p u ls e d  DC m e te r s  a r e  no  lo n g e r  s p e c i f i e d  
f o r  s l u r r y  a p p l i c a t i o n s !  A f t e r ,  t h e i r  in t r o d u c t io n  u s e r s  n o te d  
in a d e q u a te  p e rfo rm a n c e  i r  s l u r r y  a p p l i c a t i o n s .  The r e a s o n  m ost 
o f t e a  c i t e d  i s ,  t h a t  a s  t h e  s l u r r y  p a r t i c l e s  c o l l i d e  w i th  th e  
e l e c t r o d e s  th e y  in d u c e  n o i s e  w h ich  r e s u l t s  in  i n c o r r e c t  r e a d in g s .  
T h is  has  been  a t t r i b u t e d  to  p o o r  e le c t r o d e  d e s ig n  and a t  l e a s t  one 
m a n u fa c tu re r  w i l l  s t i l l  s p e c i f y  p u ls e d  DC m e te r s  f o r  s l u r r y  ap ­
p l i c a t i o n s .  The in d u c e d  n o i s e  i s  n o t  a  p ro b lem  in  AC m e te r s  b e c a u se  
o f  th e  h ig h e r  e f f e c t i v e  s a m p lin g  r a t e .
4 . 3 . 3  SE L E C T IO N  O F IN SU L A T IN G  LINER
An im p o r ta n t  p o in t  i n  th e  s e l e c t i o n  o f  m a g n e tic  f lo w m e te rs  i s  t h e  s e ­
l e c t i o n  o f  t h e  l i n e r .  T h is  n a t u r a l l y  v a r i e s  w i th  e v e ry  a p p l i c a t i o n  and 
d e te r m in e s  t h e  te m p e r a tu re  and  p r e s s u r e  r a t i n g  o f  t h e  m etL r a s  w e l l  a s  
i t s  r e s i s t a n c e  t o  c o r r o s io n  and a b r a s io n .  T hese  r a t i n g s  r e s u l t  from  thcs 
c h a r a c t e r i s t i c s  o f  th e  l i n e r  m a t e r i a l .  As a g e n e r a l  g u id e l in e  t h e  c h a r ­
a c t e r i s t i c s  shown in  F i g u r e  10 a p p ly .  ( S p r in g e r ,1960)
C h a r a c t e r i s t i c  C h a r a c t e r i s t i c  M a x .(C e ls iu s )  Max.(MPa)
H ard  R ubber
E x c e l le n t
S o f t  R ubber V a r ie s V ery  Good 6 ,4
N eoprene V a rie s E x c e l le n t
P o ly u re th a n e V a r ie s E x c e l le n t
T e f lo n  (PTFE) E x c e l le n t F a i r 180 4
F ig u re  10 . M a g n e tic  F low m ete r L in e r  C h a r a c t e r i s t i c s
4 .3 .4  SE L E C T IO N  O F ELE C T R O D E S
S e v e ra l  ty p e s  o f  e l e c t r o d e s  a r e  a v a i l a b l e ,  d i f f e r i n g  m a in ly  i n  a b ra s io n  
r e s i s t a n c e .  Many o f  t h e  e l e c t r o d e s  a re  a n a t u r a l  e v o lu t io n  o f  m anufac­
t u r e r s  d e v e lo p m e n t. In n o rm a l c ir c u m s ta n c e s  t h e  s ta n d a r d  e l e c t r o d e s  su p ­
p l i e d  w ith  t h e  m e te r  w i l l  b e  s u f f i c i e n t ,  F o r  e x tre m e  c irc u m s ta n c e s  o f
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e l e c t r o d e  f o u l in g ,  u l t r a s o n i c  c le a n in g  o f  e l e c t r o d e s  i s  a v a i l a b l e  a s  an 
o p t io n ,  o r  rem o v a b le  e l e c t r o d e s  c an  b e  o b ta in e d .  A r e c e n t  develo p m e n t i s  
t h e  u s e  o f  c a p a c i t i v e  p ic k u p , w here  t h e  e le c t r o d e s  fo rm in g  th e  c a p a c i to r  
p l a t e s  a r e  im bedded b e h in d  th e  l i n e r  and th u s  c a n n o t b e  f o u le d .  C a p a c i t i v e  
e l e c t r o d e s  a l s o  a l lo w  o p e r a t io n  w ith  l i q u i d s  o f  c o n d u c t iv i t i e s  a s  low as 
5 yS /cm . T h is  i s  p o s s i b l e  a s  a  r e s u l t  o f  a  l a r g e r  e l e c t r o d e  a re a .  
C a p a c i t i v e  e l e c t r o d e s  a r e  how ever e x p e n s iv e  and t h e  s i t u a t i o n  m ust w ar­
r a n t  t h e i r  u s e .  A v a i la b le  e l e c t r o d e  m a te r i a l s  i n c lu d e  H a s t e l l o y  C, 
S t a i n l e s s  S t e e l ,  T ita n iu m  and  P la t i n u m - I r id iu m .
4 . 3 . 5  IN S T A LL A T IO N  RECOM M ENDATIONS
I n  o r d e r  f o r  a  m a g n e tic  f lo w m ete r  t o  o p e ra te  correctly i t  m ust b e  c o r ­
r e c t l y  i n s t a l l e d .  I n c o r r e c t  i n s t a l l a t i o n  c an  le a d  t o  in a c c u r a t e  r e a d in g s  
a n d /o r  u n r e l i a b l e  o p e r a t i o n .  When i n s t a l l i n g  m a g n e tic  f lo w m ete rs  th e  
following g u id e l i n e s  s h o u ld  b e  f o l lo w e d  t o  e n s u re  r e l i a b l e  o p e r a t io n .
1 . T he flo w m ete r  c an  b e  i n s t a l l e d  i n  any  p o s i t i o n  ( e l e c t r o d e  a x i s  a p ­
p ro x im a te ly  h o r i z o n t a l ) .
2 . The p ip e  m ust b e  f i l l e d  a t  a l l  t im e s  a s  t h e  o u tp u t , i s  o f t e n  ta k e n  
t o  b e  t h e  v o lu m e tr ic  f lo w r a te  ( v e lo c i ty  t im e s  c r o s s - s e c t i o n a l  a r e a ) , 
w h ich  assum es a  c o n s ta n t  c r o s s - s e c t i o n a l  a r e a .
I n l e t / o u t l e t  s e c t i o n  m ust b e  g r e a t e r  th a n  o r  e q u a l t o  5 t im e s  ( f o r  
i n l e t )  o r  2  tim e s  ( f o r  o u t l e t )  t h e  d ia m e te r  o f  t h e  m e te r  m easured  from  
t h e  e l e c t r o d e  a x i s .
4 .  S l id e  v a lv e s  o r  c o n t r o l  f l a p s  m u st n o t  b e  m ounted d i r e c t l y  on th e  
p r im a ry  h e a d . (S e e  p o in t  3 )
5 . S h u t - o f f  and  c o n t r o l  v a lv e s  s h o u ld  b e  f i t t e d  dow nstream  of th e  p r im a ry
6. 1 o r  AC m e te r s  a s h u t - v a lv e  m ust b e  i n s t a l l e d  f o r  z e r o - p o i n t  s e t t i n g .
7 . S ig n a l  t r a n s m is s io n  c a b le s  m ust b e  a s  s h o r t  a s  p o s s ib l e  and s h o u ld  
n o t  ru n  a lo n g s id e  h e a v y - c u r r e n t  l i n e s  so  a s  t o  m in im ise  i n t e r f e r e n c e .
8 . The m e te r  m u st b e  c o r r e c t l y  and  a d e q u a te ly  g rounded  t o  p r e v e n t  i n ­
t e r f e r e n c e  o f  t h e  s i g n a l s .  (S e e  m a n u fa c tu re r s  s p e c i f i c a t i o n s ) .
4 . 4  FLOWMETER EV ALU A TIO N
The d o p p le r  and the . m a g n e tic  f lo w m ete r  b o th  h av e  t h e i r  r e s p e c t i v e  a dvan ­
ta g e s  . The m ain a d v a n ta g e  o f  t h e  d o p p le r  m e te r  i s  t h a t  i t  i s  a c lam p-on  
d e v ic e  and  th u s  i s  e a s y  t o  i n s t a l l  and u s e .  H ow ever, th e  m a g n e tic  
f lo w m e te r  i s  a p ro v e n  d e v ic e  and i s  w id e ly  u se d , The main argum en t a g a in s t  
t h e  d o p p le r  m e te r  i s  i t s  h ig h  p r o b a b i l i t y  o f  f a i l u r e  i n  t h i s  a p p l i c a t i o n .
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D e s p i te  t h e  Minte-i. s tu d y  th e  s u i t a b i l i t y  o f  ■ 
d e n s i ty  ( p a s t e )  s i u t r i e s  and t h e i r  a s s o c i a t e d  low v e l o c i t i e s  (a  sy s te m  
c h a r a c t e r i s t i c )  i s  s t i l l  unknown. The m a jo r  d is a d v a n ta g e  o f  t h e  m a g n e tic  
flo w m ete r  i s  t h a t  t h e  r e q u i r e d  p r e s s u r e  r a t i n g  m akes i t  a  n o n - s to c k  i te m , 
th u s  in c r e a s in g  b o th  i t ' s  c o s t  and  a v a i l a b i l i t y .  D e s p i te  t h i s ,  th e  mag­
n e t i c  f lo w m ete r  i s  c o n s id e r e d  t o  b e  th e  most s u i t a b l e  m e te r  f o r  th e  p r o ­
j e c t .  An AC f lo w m ete r  m u st b e  u se d  u n t i l  p u ls e d  DC m e te rs  h a v e  p ro v ed  t o  
b e  r e l i a b l e  i n  s l u r r y  a p p l i c a t i o n .
T h is  c o n c lu d e s  t h e  r e v ie w  o f  in s t r u m e n ta t io n  w h ich  m eets th e  : 
f o r  m ass f lo w r a te  and c o n c e n t r a t i o n  m easu rem en t o f  h ig h  c< 
p a s t e  s l u r r i e s .
The in s t r u m e n ta t io n  c an  b e  sum m arised  a s  f o l lo w s :
Mass Flow  M easurem ent
M a g n etic  F lo w m ete r - F o r  m e asu r in g  v o lu m e tr ic  f lo w ra te
N u c le a r  D e n s i ty  Gauge - F o r  m e a su r in g  SG
Mass Flow  C a lc u l a t o r  -  F o r  c a l c u l a t i n g  m ass flow
M o is tu re  C o n te n t M easurem ent
N u c le a r  D e n s i ty  Gauge -  F o r  m e a su r in g  c o n c e n t r a t io n
The same n u c le a r  d e n s i ty  gauge  i s  u se d  f o r  b o th  m ass f lo w  and c o n ce n ­
t r a t i o n  m e asu rem en t. H ow ever, many e n d -u s e r s  s t i l l  shy  away from  n u c le a r  
in s t r u m e n ts ,  l a r g e l y  due  t o  m is u n d e r s ta n d in g , u n f a m i l i a r i t y ,  th e  h e a l th  
h a z a rd  and  th e  a s s o c i a t e d  l e g a l  r e q u ir e m e n ts  f o r  t h e i r  u s e ,  I t  was a l s o  
found  t h a t  few u s e r s  (and  p r o d u c t  r e p r e s e n t iv e s )  u n d e rs ta n d  th e  p r i n c i ­
p l e s ,  o p e r a t io n  and a p p l i c a t i o n  o f  n u c le a r  i n s t r u m e n ts .  As n u c le a r  den,- 
s i t y  ga u g es  a r e  a  i n t e g r a l  p a r t  o f  th e  p ro p o se d  s o l u t i o n ,  an  i n v e s t i g a t io n  
in to  t h e  p r i n c i p l e s ,  o p e r a t i o n ,  h e a l th  h a z a r d s ,  l e g a l  re q u ire m e n ts  and 
a p p l i c a t i o n s  o f  n u c l e a r  b a se d  in s t r u m e n ta t io n  was u n d e r ta k e n .
The o b je c t i v e  o f  t h i s  s tu d y ,  w hich  i s  p r e s e n te d  in  th e  f o l lo w in g  c h a p te r s ,  
was t o  rev ie w  n u c l e a r  b a se d  in s t r u m e n ta t io n  and t o  d e v e lo p  an u n d e r ­
s ta n d in g  a t  how t o  c h o o se  and a p p ly  su c h  in s t r u m e n ts .
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5 . 0  N U CL E A R R A D IA T IO N  A PPL IC A B L E  T O  D E N SITY  MEASUREMENT
5 .1  IN T R O D U C T IO N
T h is  c h a p te r  re v ie w s  th e  c o n c e p ts  o f  a to m ic  and  n u c le a r  p h y s ic s  r e l e v a n t  
t o  r a d i a t i o n  m e asu rem en ts . The f i e l d  i s  how ever a  v e ry  b ro a d  one  and  th e  
e m p h asis  i s  on th e  c o n c e p ts  r e l a t i n g  t o  p r o c e s s  c o n t r o l  a p p l i c a t i o n s ,  The 
i n t e n t i o n  o f  t h i s  c h a p te r  is n o t  t o  p r e s e n t  a  d e t a i l e d  d is c u s s io n  o f  th e  
s u b j e c t s ,  b u t  r a t h e r  t o  o u t l i n e  t h e  p r i n c i p l e s  i n h e r e n t  i n  n u c le a r  p r o c e s s  
c o n t r o l  i n s t r u m e n ta t io n .  The em p h as is  i s  on th e  n u c le a r  b e h a v io u r  and 
th e o r y  r e l e v a n t  t o  l e v e l ,  m o is tu re  and d e n s i ty  m e asu rem en t. T o r  an 
in - d e p t h  d is c u s s io n  o f  t h e  th e o r y ,  p r i n c i p l e s  and sp e c tru m  o f  n u c le a r  
p h y s ic s  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  T s o u l f a n i d is [ 1 9 8 3 ] .
5 .2  ATOM S
To th e  b e s t  o f  o u r  know ledge to d a y ,  e v e ry  a f  v. ' . n s i s t s  o f  a c e n t r a l  
p o s i t i v e l y  c h a rg e d  n u c le u s  a ro u n d  w hich  n e g a tjv - -  , ; e c t r o n s  r e v o lv e  in  
s t a b l e  o r b i t s .  C o n s id e re d  a s  a  s p h e re ,  t h e  a tom  L is  a  r a d iu s  o f  t h e  o r d e r  
o f  0 .1  nm and t h e  n u c le u s  a r a d iu s  o f  t h e  o r d e r  o i  10 f a .  The num ber o f  
e l e c t r o n s  i s  e q u a l  t o  t h e  num ber o f  p o s i t i v e  c h a rg e s  o f  t h e  n u c le u s ;  th u s  
t h e  a tom  i s  e l e c t r i c a l l y  n e u t r a l  i n  th e  n o rm al s t a t e .
The num ber o f  p o s i t i v e  e le m e n ta ry  c h a rg e s  i n  th e  n u c le u s  i s  c a l l e d  t h e  
a to m ic  num ber and  i s  i n d i c a t e d  by  Z. T he a to m ic  num ber identifies th e  
c h e m ic a l e le m e n t,  A ll  a tom s o f  an e lem e n t h a v e  th e  same c h em ic a l p r o p e r -
The a to m ic  e l e c t r o n s  move a ro u n d  th e  n u c le u s  a s  a r e s u l t  o f  th e  a t t r a c t i v e  
e l e c t r o s t a t i c  Coulomb f o r c e  be tw een  th e  p o s i t i v e  n u c le u s  and th e  n e g a t iv e  
c h a rg e  o f  t h e  e l e c t r o n .  A cc o rd in g  to  c l a s s i c a l  e le c tr o d y n a m ic s ,  t h e  r e ­
v o lv in g  e l e c t r o n s  o u g h t t o  c o n t in u o u s ly  r a d i a t e  p a r t  o f  t h e i r  e n e rg y , 
fallow a  s p i r a l  o r b i t ,  and e v e n tu a l ly  b e  c a p tu r e d  by  th e  n u c le u s .  O bv i­
o u s ly ,  t h i s  d o e s  n o t  ha p p en : a tom s e x i s t  and a r e  s t a b l e .  T h e r e fo r e ,  a  new 
t h e o r y  g o v e rn in g  o r b i t a l  m e ch a n ics  and c a l l e d  quantum  m e ch a n ics  was d e ­
v e lo p e d .
The a v a i l a b l e  e x p e r im e n ta l  e v id e n c e  p o in t s  to w a rd  th e  f o l lo w in g  f a c t s  
r e g a r d in g  th e  m o tio n  o f  a to m ic  e l e c t r o n s :
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1. Bound a to m ic  e l e c t r o n s  r e v o lv e  a ro u n d  th e  n u c le u s  i n  s t a b l e  o r b i t s  
w ith o u t  r a d i a t i n g  e n e rg y . E very  o r b i t  c o rr e s p o n d s  to a c e r t a i n  
e l e c t r o n  e n e rg y  and  i s  c a l l e d  an e n e rg y  s t a t e .
2 . O nly c e r t a i n  o r b i t s  ( o n ly  c e r t a i n  e n e r g i e s )  a r e  a llo w e d . T h a t i s ,  th e  
e n e rg y  s t a t e s  o f  t h e  bound  e le c t r o n s  form  a  d i s c r e t e  s p e c tru m . T h is  
phenom enon i s  c a l l e d  q u a n t i z a t i o n .
3 . I f  an  e l e c t r o n  moves from  an  o r b i t  ( s t a t e )  o f  e n e rg y  t o  a  s t a t e  
o f  lo w e r  e n e rg y  Ef l  th e n  (and  o n ly  th e n )  e le c t r o m a g n e t ic  r a d i a t i o n ,  
an  x - r a y ,  i s  e m it te d  w i th  f re q u e n c y  v su c h  t h a t
v = (Ei  - Bf ) / h  ( 5 .1 )
w here  h  i s  P l a n c k 's  c o n s t a n t .
The e n e rg y  o f  t h e  x - r a y  depends on  t h e  a to m ic  num ber:
Ex = hv = £ 1 - Ef  = k ( Z - a ) '  ( 5 .2 )
w here  k  and  a a r e  c o n s t a n t s . E v e ry  a tom  e m its  c h a r a c t e r i s t i c  x - r a y s  w ith  
d i s c r e t e  e n e r g ie s  c h a t  i d e n t i f y  t h e  a tom  l i k e  f i n g e r p r i n t s . X -ra y  e n e r ­
g ie s  ra n g e  from  a few eV f o r  th e  l i g h t  e le m e n ts  t o  a  few h u n d re d s  o f  keV 
f o r  th e  h e a v ie s t  e le m e n ts .
4 . A bound  e l e c t r o n  may r e c e iv e  e n e rg y  and move from  a s t a t e  o f  e n e rg y
t o  a  s t a t e  o f  h ig h e r  e n e rg y  E ^. T h is  phenonem on i s  c a l l e d  
e x c i t a t i o n  o f  th e  a tom . An e x c i t e d  atom moves p r e f e r e n t i a l l y  t o  th e  
lo w e s t p o s s i b l e  e n e rg y  s t a t e ,  t h e r e f o r e  i n  tim e s  o f  t h e  o r d e r  o f  
10 n s , t h e  e l e c t r o n  w i l l  r e t u r n  t o  E^ and an  x - r a y  w i l l  b e  e m i t t e d .
5 . An a to m ic  e l e c t r o n  may r e c e iv e  enough e n e rg y  t o  le a v e  th e  atom  and 
b - 'o m e  a f r e e  o a r t i c l e .  T h is  phenom enon i s  c a l l e d  i o n i z a t i o n ,  and th e  
p o r - i - iv e  e n t i t y  l e f t  b e h in d  i s  c a l l e d  an io n .  The e n e rg y  n e c e s s a r y  
t o  c a u s e  i o n i z a t i o n  i s  c a l l e d  t h e  i o n i z a t i o n  p o t e n t i a l .  The 
i o n i z a t i o n  p o t e n t i a l  i s  n o t  t h e  same f o r  a l l  e l e c t r o n s  o f  th e  same 
atom b e c a u se  t h e  e l e c t r o n s  move a t  d i f f e r e n t  d i s t a n c e s  from  th e  n u ­
c l e u s .  The c lo s e r  th e  e l e c t r o n  i s  t o  t h e  n u c l e u s , th e  m ore t i g h t l y  
bound i t  i s  end th e  g r e a t e r  i t s  i o n i z a t io n  p o t e n t i a l  becom es.
6 . When tw o o r  more a tom s j o i n  to g e th e r  t o  fo rm  a  m o le c u le ,  t h e i r  common 
e l e c t r o n s  a r e  bound  t o  t h e  m o le c u le .  The e n e rg y  sp e c tru m  o f  a m o le cu le  
i s  a l s o  d i s c r e t e  b u t  more c o m p lic a te d  th a n  t h a t  o f  an  a tom . The 
d i s c r e t e  and u n iq u e  s p e c tru m  o f  m o le c u le s  and  a tom s i s  u s e d  in  X -ra y  
F lu o re s c e n c e  to  i d e n t i f y  t h e  s u b s ta n c e .
5 .3  NUCLEI
A t t h e  p r e s e n t  t im e ,  a l l  e x p e r im e n ta l  e v id e n c e  i n d i c a t e s  t h a t  n u c l e i  
c o n s i s t  o f  n e u tro n s  and p r o to n s ,  w h ich  a r e  p a r t i c l e s  c o l l e c t i v e l y  known 
a s  n u c le o n s .  Some o f  th e  p r o p e r t i e s  o f  a  n e u t ro n ,  p r o to n  and  an e l e c t r o n  
a r e  l i s t e d  i n  F ig u re  11 on p a g e  32 f o r  c o m p ar iso n .
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E le c t r o n N eu tro n
R e s t  m ass 9 .1 09556x10  1 .674919x10
= 0 .5 1 1  = 939 .549
= 0 .000549  = 1.008665
C harge  - e  0
F ig u re  11. N e u t ro n -P ro to n  P r o p e r t i e s .
A N u c leu s  c o n s i s t s  o f  A p a r t i c l e s .
A = m ass num ber 
N = num ber o f  n e u tro n s
2 =  num ber o f  p ro tc u is  = e le m e n t a to m ic  num ber 
A n u c l e a r  s p e c ie s  X i s  i n d i c a t e d  a s
b.
w here  X = c h e m ic a l sym bol o f  t h e  e lem o n t.
T he f o l lo w in g  d e f i n i t i o n s  a p p ly :
1 . I s o b a r s  a r e  n u c l id e s  t ^ a t  h av e  th e  same A.
2 . I s o to p e s  a r e  n u c l id e s  t h a t  h a v e  th e  same 2 . T hey a r e  n u c l id e s  o f  th e  
same c h em ic a l e le m e n t.  T hey h a v e  t h e  same c h e m ic a l b u t  s l i g h t l y  d i f ­
f e r e n t  p h y s ic a l  p r o p e r t i e s ,  due  t o  t h e i r  d i f f e r e n c e  i n  m ass. The n u ­
c l e a r  p r o p e r t i e s  ch an g e  d r a s t i c a l l y  from  i s o t o p e  to  i s o t o p e .
3 . I s o to n e s  a r e  n u c l id e s  t h a t  h av e  th e  same N, i . e .  same number o f  n e u -
4 . Iso m e rs  a r e  tw o d i f f e r e n t  e n e rg y  s t a t e s  o f  th e  same n u c le u s .
The d i f f e r e n t  a to m ic  s p e c i e s  a re  th e  r e s u l t  o f  d i f f e r e n t  c o m b in a t io n s  o f  
one  ty p e  o f  p a r t i c l e  -  th e  e l e c t r o n .  T h e re  a r e  92 n a t u r a l  e le m e n ts .  S in c e  
1940 , 15 more h av e  been  a r t i f i c i a l l y  p ro d u c e d  f o r  a  t o t a l  o f  107. The 
d i f f e r e n t  n u c l id e s ,  on  th e  o th e r  h a n d , a r e  t h e  r e s u l t  o f  d i f f e r e n t  com­
b in a t io n s  o f  tw o k in d s  o f  p a r t i c l e s , n e u tro n s  and p r o to n s ,  and s o  t h e r e  
a r e  many more p o s s i b i l i t i e s .  T h ere  a r e  m ore th a n  700 known n u c l id e s .
1 .672614x10 27 
= 9 3 8 .2 5 6  MeV
= 1 .0 0 7 2 7 6  u
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E x p e r im e n ts  h a v e  d e te rm in e d  t h a t  n u c l e i  a r e  a lm o s t s p h e r i c a l ,  w i th  a  
volum e p r o p o r t i o n a l  t o  t h e  m ass num ber (A ) , th u s  a l l  n u c l e i  h av e  s im i l a r  
d e n s i t i e s ,  and an  a v e ra g e  r a d iu s  a p p ro x im a te ly  e q u a l t o
R = 1 .3 x 1 0  1,S. A ^ 3 in  m e te r s .  ( 5 .3 )
The m ass o f  t h e  n u c le u s  w i th  m ass num ber A and  a to m ic  num ber Z, in d i c a t e d
a s  Mn(A, Z ) , i s  e q u a l  t o
Mn(A,Z) = Z.Mp + N.Mn - B (A ,Z )c*  ( 5 .4 )
w here  Mp = p r o to n  mass 
Mn =  n e u t ro n  mass 
B (A ,Z) = b in d in g  e n e rg y
The u n i t  u se d  f o r  t h e  m easurem ent o f  n u c le a r  m ass i s  e q u a l t o  1 /12  t h  o f  
th e  m ass o f  t h e  C arb o n -1 2  i s o t o p e .  I t s  sym bol i s  u  ( fo r m e r ly  amu f o r  
a to m ic  m ass u n i t ) :
lu = ( l /1 2 ) ( n ia s s  o f  15C) =  1 .660531*10*27 kg  = 9 3 1 .4 7 8  MeV
In  many e x p e r im e n ts ,  w hat i s  n o rm a l ly  m easu red  i s  th e  a to m ic  m ass and n o t
th e  n u c le a r  m ass. The a to m ic  m ass i s  o b ta in e d  by a d d in g  th e  m ass o f  a l l
th e  a to m ic  e l e c t r o n s .  The m ass may b e  g iv e n  i n  one  o f  t h e  f o l lo w in g  th r e e
1 . U n i t s  o f  u .
2 . K ilo g ram s.
3 . E n erg y  u n i t s  (MeV o r  J ,  i n  v iew  o f  th e  e q u iv a le n c e  o f  m ass and  e n -
The m ean ing  o f  B (A ,Z) may b e  e x p re s s e d  in  tw o e q u iv a le n t  w ays:
1. The b in d in g  e n e rg y  B(A ,Z) o f  a n u c le u s  i s  e q u a l t o  th e  m ass t r a n s ­
form ed in to  e n e rg y  when th e  Z p r o to n s  and  th e  N=A-Z n e u tro n s  com bined 
t o  form  th e  n u c le u s .  An am ount o f  e n e rg y  e q u a l t o  th e  b in d in g  e n e rg y  
was r e l e a s e d  when th e  n u c le u s  was fo rm ed . Or
2 . The b in d in g  e n e rg y  B(A ,Z) i s  e q u a l t o  t h e  e n e rg y  n c cp .ssa ry  t o  b re a k  
th e  n u c le u s  a p a r t  i n t o  i t s  c o n s t i t u e n t s ,  Z f r e e  p r o to n s  and N f r e e  
n e u t r o n s ,
The e n e rg y  n e c e s s a r y  t o  rem ove one  p a r t i c l e  from  th e  n u c le u s  i s  t h e  s e p ­
a r a t i o n  o r  b in d in g  e n e rg y  f o r  t h a t  p a r t i c l e  f o r  t h a t  p a r t i c u l a r  n u c l id e .
A " p a r t i c l e "  may be a n n u ir o n ,  p r o to n ,  an a lp h a  p a r t i c l e ,  a  d e u t ro n ,  e t c .  
The s e p a r a t i o n  o r " b i n d in g  e n e rg y  o f  a n u c le a r  p a r t i c l e  i s  a n a lo g o u s  t o  
th e  i o n i z a t i o n  p o t e n t i a l  o f  an e l e c t r o n .  I f  a  p a r t i c l e  e n te r s  t h e  n u c le u s ,  
an  am ount o f  e n e rg y  e q u a l t o  i t s  s e p a r a t i o n  e n e rg y  i s  r e l e a s e d .  The s e p ­
a r a t i o n  o r  b in d in g  e n e rg y  i s  e q u a l t o  t h e  d i f f e r e n c e  i n  b in d in g  e n e r g ie s
o f  th e  o r i g i n a l  n u c le u s  and th e  r e s u l t i n g  n u c le u s  a f t e r  t h e  " p a r t i c l e "  
h a s  be en  rem oved.
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5 .4  N U CLEAR EN ERG Y  LEVELS
N eu tro n s  and p r o to n s  a r e  h e ld  to g e th e r  i n  th e  n u c le u s  by n u c le a r  f o r c e s .  
A lth o u g h  th e  e x a c t  n a tu r e  o f  n u c le a r  f o r c e s  i s  n o t  known, s c i e n t i s t s  have  
s u c c e s s f u l ly  p r e d i c t e d  many c h a r a c t e r i s t i c s  o f  n u c le a r  b e h a v io u r  by  a s ­
sum ing  a c e r t a i n  form  f o r  t h e  f o r c e  and  c o n s t r u c t in g  n u c le a r  m odels b a se d  
on t h a t  fo rm . The s u c c e s s  o f  t h e s e  m ode ls  i s  m easu red  by  how w e l l  t h e i r  
p r e d i c t e d  r e s u l t s  a g re e  w ith  t h e  e x p e r im e n t.  Many n u c le a r  m odels have  been  
p ro p o s e d , e ac h  o f  them e x p la in i n g  c e r t a i n  f e a t u r e s  o f  t h e  n u c le u s ;  b u t 
a s  o f  to d a y ,  no m odel e x i s t s  t h a t  e x p la in s  a l l  t h e  f a c t s  a b o u t a l l  th e  
known n u c l id e s .
A l l  n u c l e a r  m odels assum e t h a t  th e  n u c le u s  l i k e  t h e  a tom , c an  e x i s t  o n ly  
i n  c e r t a i n  d i s c r e t e  e n e rg y  s t a t e s .  D epending  on t h e  m ode l, t h e  e n e rg y  
s t a t e s  may b e  a s s ig n e d  t o  t h e  n u c le o n s  -n e u tr o n s  and p r o to n s -  o r  th e  n u ­
c le u s  a s  a  w h o le . The p r e s e n t  d i s c u s s io n  o f  n u c le a r  e n e rg y  l e v e l s  w i l l  
b e  b a se d  on th e  se co n d  a p p ro a c h .
The lo w e s t p o s s ib l e  e n e rg y  s t a t e  o f  a  n u c le u s  i s  c a l l e d  t h e  g ro u n d  s t a t e ,  
in  F ig u re  12 on page  3 5 , t h e  g ro u n d  s t a t e  i s  shown a s  h a v in g  n e g a t iv e  
e n e rg y  t o  i n d i c a t e  a  bound s t a t e .  The ground  s t a t e  and a l l  th e  e x c i te d  
s t a t e s  below  th e  z e r o  e n e rg y  l e v e l  a r e  c a l l e d  t h e  bound s t a t e s .  I f  t h e  
n u c le u s  f in d s  i t s e l f  in  any  o f  th e  bound s t a t e s ,  i t  d e - e x c i t e s  a f t e r  a  
t im e  o f  t h e  : r d e r  o f  1 t o  100 p s  by d ro p p in g  t o  a low er s t a t e .  
D e - e x c i t a t i o n  i s  accom pan ied  by  th e  e m is s io n  o f  a p h o to n  w i th  e n e rg y  e q u a l 
t o  t h e  d i f f e r e n c e  b e tw een  th e  I n i t i a l  and f i n a l  s t a t e s .  E n erg y  s t a t e s  
lo c a t e d  above t h e  z e r o  e n e rg y  l e v e l  a r e  c a l l e d  v i r t u a l  e n e rg y  l e v e l s .  I f  
th e  n u c le u s  o b t a in s  enough e n e rg y  t o  b e  r a i s e d  t o  a v i r t u a l  l e v e l ,  i t  may 
d e - e x c i t e  e i t h e r  by 1 a i l i n g  t o  one o f  th e  bound  l e v e l s  o r  by e m i t t i n g  a  
n u c le o n .
S tu d ie s  o f  th e  e n e rg y  l e v e l s  o f  a l l  th e  known n u c l id e s  r e v e a l  t h e  f o l ­
low ing :
1. The d i s t a n c e  b e tw een  n u c l e a r  e n e rg y  le v e l s  i s  o f  t h e  o r d e r  o f  keV to  
Mev, By c o n t r a s t ,  t h e  d i s t a n c e  b e tw een  a to m ic  e n e rg y  l e v e l s  i s  o f  th e  
o r d e r  o f  eV. Thus p h o to n  e m is s io n  from  a to m ic  d e - e x c i t a t i o n  (X -ra y s )  
a r e  o f  a much lo w e r  f re q u e n c y  th a n  t h a t  o f  n u c l e a r  d e - e x c i t a t i o n  
(g am m a-ra y s) .
2 . The d i s t a n c e  b e tw een  e n e rg y  l e v e l s  d e c r e a s e s  a s  th e  e x c i t a t i o n  e n e rg y  
d e c r e a s e s .  F o r  v e ry  h ig h  e x c i t a t i o n  e n e r g i e s ,  t h e  d e n s i ty  c f  th e  
le v e l s  becomes s o  h ig h  t h a t  i t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  in d iv i d u a l  
e n e rg y  l e v e l s .
3 . As th e  m ass num ber A in c r e a s e s ,  t h e  number o f  l e v e l s  i n c r e a s e s ;  i . e .  
h e a v ie r  n u c l e i  h av e  more e n e rg y  l e v e l s  th a n  l i g h t e r  n u c le i  ( i n  g e n e r a l
-  t h e r e  may b e  e x c e p t io n s ) .
4 . As A in c r e a s e s ,  t h e  e n e rg y  o f  t h e  f i r s t  e x c i t e d  s t a t e  d e c r e a s e s  
( a g a in ,  in  g e n e r a l  -  e x c e p tio n s  e x i s t ) .
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_ i 2i   J f  Unoccupied
F ig u re  12. Sound and  v i r t u a l  i
5 .5  N UCLEAR D IS IN T E G R A T IO N S
gamma, and th e  v a r i a t i o n s  w hich  can  o c c u r .  Thti ty p e  o f  d ecay  o f  r e le v a n c e
on t h i s  mode. Some, n a t u r a l l y  r a d io a c t iv e  e le m e n ts  h av e  m ore th a n  one decay  
mode a s  shofcn in  F ig u re  13 on p a g e .36 [ F B I .1 9 8 3 ]. The m ost commonly used  
e le m e n ts  i n  p r o c e s s  c o n t r o l  a r t  C o b a lt- 6 0 , A -icric iu m -2 4 1 , and 
C aesduB -137 . The th ic k n e s s  gauge* app] i c n t io n s  a r e  p r e v a le n t  i n  th e  p a p e r  
end  p u lp  in d u s t r y .
5 ,5 ,1  GAMMA DECAY
I n  gamma d e c a y , a  n u c le u s  goes from  an e x c i te d  s t a t e  t o  a s t a t e  o f  low er 
e n e rg y  and th e  e n e rg y  d i f f e r e n c e  bow m en th e  tw o s t a t e s  i s  r e le a s e d  in  
t h e  fo rm  o f  b p h o to n  (a n  e le c t r o m a g n e t ic  w av e ). Gamma docay i s  r e p r e s e n te d
w here  th e  * i n d i c a t e s  an e x c i te d  n u c le u s .
N u c le a r  R a d ia t io n  A p p lic a b le  t o  D e n s i ty  M easurem ent
T y p ic a l
r a d i a -  r a d i a t i o n  s o u rc e
e n erg y H a l f  l i f e a c t i v i t i e s
R a d io so to p e ty p e (MeV) O w n ) A p p l ic a t i o n ( m i l l i c u r i e
I r o n  55 X -ray 0 .0 0 6 th i c k n e s s  g auges 50 -  100
N ic k e l  63 th i c k n e s s  g auges
K ry p to n  85 th i c k n e s s  g auges 10 -  2000
Prom eth ium  147 th ic k n e s s  gauges 50 -  400
S tro n t iu m  90 th i c k n e s s  g auges
T h a l liu m  204 th i c k n e s s  gauges
A m ericium  241 smoke d e t e c to r s few  m ic ro
Gamma th ic k n e s s  g auges
C aesium  137 Gamma d e n s i ty  g auges
C o b a lt  60 Gamma ( 1 .1 7 l e v e l  gauges
1 .3 3 )
P o lon ium  210 5 .3 0 5 138 days s t a t i c  e l im in a to r Up t o  1000
C arbon  14 r a d io g r a p h y
Raduim 226 th i c k n e s s  g auges 10 m ic ro
Gamma th ic k n e s s  gauges
smoke d e t e c to r s 0 .5  m ic ro
F ig u re  13 . R a d io a c t iv e  I s o to p e s .
Som etim es th e  e x c i t a t i o n  e n e rg y  of t h e  n u c le u s  i s  g iv e n  t o  an  a to m ic  
e l e c t r o n  i n s t e a d  o f  b e in g  r e l e a s e d  i n  t h e  form  o f  a  p h o to n . T h is  ty p e  o f  
n u c le a r  t r a n s i t i o n  i s  c a l l e d  an i n t e r n a l  c o n v e r s io n  ( I C ) ,  and th e  e j e c t e d  
a to m ic  e l e c t r o n  i s  c a l l e d  an i n t e r n a l  c o n v e r s io n  e l e c t r o n .
When i n t e r n a l  c o n v e r s io n  o c c u r s ,  t h e r e  i s  a  p r o b a b i l i t y  t h a t  an e l e c t r o n  
from  th e  S  s h e l l ,  L s h e l l ,  o r  a n o th e r  s h e l l ,  may be  e m it te d .  T h e r e fo r e , 
a  n u c le u s  t h a t  u n d e rg o e s  i n t e r n a l  c o n v e r s io n  i s  a s o u r c e  o f  g ro u p s  o f  
m o n o -e n e rg e tic  e l e c t r o n s .
The t o t a l  p r o b a b i l i t y  t o r  gamma d e ca y  i s  t h e  sum o f  t . ,  p r o b a b i l i t y  f o r  
i n t e r n a l  c o n v e r s io n  d e ca y  (1 ^ )  and th e  p r o b a b i l i t y  a p h o to n  w i l l  be 
e m it te d  ( l y) -
F o r  m ost n u c l e i  1^=0, b u t  t h e r e  i s  no  gam m a-decaying n u c le u s  f o r  w hich  
Xy= 0 , T h is  moans r a d io i s o to p e s  t h a t  i n t e r n a l l y  c o n v e r t ,  e m it gammas, 
e l e c t r o n s  and  x - r a y s .  The x - r a y s  r e s u l t  from  an e l e c t r o n  from  a  h ig h e r  
s h e l l  t h a t  " f a l l s  i n to "  t h e  s h e l l  v a c a te d  by  t h e  i n t e r n a l  c o n v e rs io n  
e l e c t r o n .
T h re e  f r e q u e n t ly  u s e d  i s o to p e s  t h a t  u n d e rg o  i n t e r n a l  c o n v e r s io n  a re  
S n -1 1 3 , C s-137 and  B i -2 0 7 , T hose i s o to p e s  a r e  v e ry  u s e f u l  f o r  in s t ru m e n t  
c a l i b r a t i o n .
Nuclear Radiation Applicable to Density Measurement
5.5.2 A LPH A  DECAY
A lpha  p a r t i c l e s  a r e  H elium  n u c l e i ,  i . e .  H elium  atom s s t r i p p e d  o f  t h e i r  
e l e c t r o n s .  A lpha d e c a y  i s  r e p r e s e n te d  by th e  e q u a t io n
N o te  t h a t  a f t e r  t h e  a lp h a  p a r t i c l e  i s  e m m itted , t h e  p a r e n t  n u c le u s  i s  
t r a n s fo r m e d  in to  a new e le m e n t ( d a u g h te r  n u c l e u s ) .  I n  many c a s e s ,  th e  
d a u g h te r  n u c le u s  i s  l e f t  i n  an  e x c i te d  s t a t e  and a lp h a  d e ca y  i s  th u s  o f t e n  
a cco m p an ied  by gamma de ca y .
5 . 5 . 3  B E T A  DECAY
I n  b e t a  d e c a y , a n u c le u s  e m its  an e l e c t r o n  o r  a  p o s i t r o n  and  i s  t r a n s ­
fo rm ed  i n t o  a  new e le m e n t.  I n  a d d i t i o n  t o  t h e  e l e c t r o n  o r  p o s i t r o n ,  a 
n e u t r a l  p a r t i c l e  w ith  r e s t  m ass z e r o  ( n e u t r in o )  i s  a l s o  e m i t te d .  T here  
a r e  tw o ty p e s  o f  b e ta  d e ca y , 8* and 8 . I n  8 an e l e c t r o n  i s  e m it te d  w h ile  
i n  8 a  p o s i t r o n  i s  e m it te d .  A f r e e  p o s i t r o n  w i l l  e v e n tu a l ly  com bine  w ith  
an a to m ic  e l e c t r o n ,  th e  tw o a n n i h i l a t e  and tw o 0 .5 1 1  MeV a n n i h i l a t i o n  
gammas a r e  e m it te d .
B e ta  p a r t i c l e s  a r e  e m it te d  w i th  a c o n tin u o u s  ra n g e  o f  v e l o c i t i e s ,  from  
z e r o  up t o  a oaxim ium  w hich  depends on th e  n u c le u s .  The d e c a y  sp e c tru m  
f o r  b e t a  d e ca y  i s  th u s  c o n tin u o u s .
I n  some c a s e s  i t  i s  p o s s ib l e  f o r  th e  n u c le u s  t o  c a p tu r e  an e l e c t r o n  and 
i n  t h i s  c a s e  a n e u t r in o  i s  e m it te d .  T h is  t r a n s f o r m a t io n  i s  known as 
E le c t r o n  C a p tu re .  When an e lo c t r o n  i s  c a p tu r e d  a  v a ca n cy  i s  l e f t  w hich  
may be f i l l e d  by  an e l e c t r o n  from  a h ig h e r  e n e rg y  s t a t e  and a x - r a y  w i l l  
b e  e m i t te d .
5 . 5 . 4  COMPLEX DECA Y  SCHEM ES
I n  many n u c l e i  more th a n  one  mode o f  d e ca y  i s  p o s i t i v e .  F o r  in f o r m a tio n  
a b o u t  p a r t i c l e s  e m i t te d ,  e n e r g ie s  and p r o b a b l i t i e s  o f  e m is s io n  a com pre­
h e n s iv e  c o l l e c t i o n  o f  d a ta  i s  g iv e n  i n  T a b le  o f  I s o to p e s  by L e d e re r  and 
S h i r l e y [ 1 9 7 8 ) . The u s e r  in v o lv e d  in  p r o c e s s  c o n t r o l  i n s t r u m e n ta t io n  how­
e v e r  n e e d  o n ly  b e  c o n ce rn e d  w ith  gamma d e ca y  and  th e  s o u r c e  i s  u s u a l ly  
s p e c i f i e d  by th e  s u p p l i e r .
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5 , 6  TH E  R A D IO A C T IV E  D ECA Y  J AW
R a d io a c t iv e  d e ca y  i s  t h e  s p o n ta n e o u s  change  o f  a  n u c le u s . The ch an g e  may 
r e s u l t  i n  a  new n u c l id e  o r  s im p ly  a change i n  the- e n e rg y  o f  t h e  n u c l id e .  
I f  t h e r e  i s  a  c e r t a i n  am ount o f  r s d io is o t c ip e  on h end , t h e r e  i s  n o  c e r ­
t a i n t y  t h a t  i n  t h e  n e x t  se co n d  " so  many n u c l e i  w i l l  d e ca y "  o r  "none  w i l l  
de-cay" . One c an  t a l k  o f  t h e  p r o b a b i l i t y  t h a t  a n u c le u s  w i l l  d e ca y  in  a 
c e r t a i n  tim e .
The p r o b a b i l i t y  t h a t  a  g iv e n  n u c le u s  w i l l  d e ca y  p e r  u n i t  t im e  i s  c a l le d  
t h e  d e ca y  c o n s ta n t  and i s  i n d i c a t e d  by  th e  l e t t e r  X. F o r  a  c e r t a i n  s p e ­
c i e s ,  X i s
2 , The sw ie  f o r  a l l  n u c l e i .
2 . C o n s t a n t ,  in d e p e n d e n t o f  t h e  num ber o f  n u c l e i  p r e s e n t .
3 . In d e p e n d a n t o f  t h e  age  o f  t h e  n u c le u s .
C o n s id e r  a  c e r t a i n  m ass m o f  a  c e r t a i n  r a d io i s o to p e  w i th  d e ca y  c o n s ta n t  
X. The number o f  a tom s ( o r  n u c l e i )  iv  i-ne m ass m i s  e q u a l t o
N = m.Na/A ( 5 .5 )
W here Na = 6 .0 2 3 x 1 0 "  = A v o g a d ro 's  number 
A = a to m ic  w e ig h t o f  t h e  is o to p e
T h is  num ber o f  atom s d e c r e a s e s  w i th  t im e ,  due  t o  th e  d ecay  a c c o rd in g  to
D e c re a s e  p e r  u n i t  tim e  = d e ca y  p e r  u n i t  tim e
o r  m a th e m a tic a l ly
One c o n c e p t u se d  e x t e n s i v e ly  w i th  r a d io i s o to p e s  i s  t h e  h a l f  l i f e  T , d e ­
f i n e d  a s  th e  tim e  i t  t a k e s  f o r  h a l f  o f  a c e r t a i n  num ber o f  n u c l e i  t o  d e c a y , 
T h u s ,
( 5 .6 )
The s o lu t io n  o f  t h i s  e q u a t io n  i s  
N (t )  = N C0)e"Xt (5 . 7)
w here  N (0) = num ber o f  a tom s a t  t= 0 .
T he a v e ra g e  l i f e t i m e  t  o f  t h e  n u c le u s  i s  g iv e n  by
t  = 1/X ( 5 .8 )
N u c le a r  R a d ia t io n  A p p lic a b le  t o  D e n s i ty  M easurem ent
MCT) = 1 = e" ( 5 .9 )
w h ich  th e n  g iv e s  t h e  r e l a t i o n s h i p  be tw een  X and  T
( 5 .1 0 )
F o r  a  sam p le  o f  N f t )  n u c l e i  flt t im e  E, e a c h  h a v in g  d e c a y  constant tk e  
e x p e c te d  num ber oE n u c l e i  d e c a y in g  p e r  u n i t  tim e  i s
w here  A ( t )  = a c t i , - . c y  o f  t h e  sa m p le  a t  tim e  t .
The u n i t s  o f  a c t i v i t y  a r e  th e  B e c q u e re l (B q ) , e q u a l  t o  3 d e c a y / s , o r  th e  
C u r ie  (C i)  e q u a l  t o  ? 7 x l0 , , Bq. The B e q u e re l i s  t h e  S I  u n i t  d e f in e d  i n
The te rm  s p e c i f i c  a c t i v i t y  i s  u se d  f r e q u e n t ly .  I t  may h a v e  one o f  t h e  two 
fo l lo w in g  m e a n in g s .
1 . F c r  s o l i d s :
SA = a c t i v i t y  (B q /kg  o r  C i /g )
2 . F o r  g a se s  o r  l i q u i d s :
T h e re  a r e  i s o to p e s  t h a t  d ecay  in  more th a n  one  mode. The t o t a l  p r o b a b i l i t y  
o f  d e ca y  i s  th e n  th e  sum o f  th e  in d iv i d u a l  p r o b a b i l i t i e s  o f  d ecay  f o r  each  
mode. The tftrtn p a r t i a l  h a l f - l i f e  i s  som etim es u se d  to  i n d i c a t e  a d i f f e r e n t  
d e cay  mode.
Som etim es t h e  d a u g h te r  o f  a  r a d io a c t iv e  n u c le u s  may a l s o  b e  r a d io a c t iv e  
and d ecay  to  a t h i r d  r a d io a c t iv e  n u c le u s .  Thus a r a d io a c t iv e  c h a in  i s  
g e n e r a te d .  A w e l l  known exam ple  i s  t h a t  o f  U ran ium -238 , w h ich  th ro u g h  
com bined  a lp h a  find b e t a  d e ca y s  ends up a s  an i s o t o p e  o f  l e a d .  The g e n e r a l  
liq u a tio n  g iv in g  th e  num ber o f  atom s o f  t h e  i t h  i s o to p e  a t  tim e  t  i n  te rm s  
o f  t h e  d e cay  c o n s ta n t s  o f  a l l  t h e  o th e r  i s o t o p e s  in  th e  c h a in  was d e v e l ­
oped  by 6a tcm an [X 9 1 0 ]. T h is  e q u a t io n  i s  n o t  im p o r ta n t  i n  t h i s  d i s c u s s io n  
a s  t h e  i s o to p e s  e n c o u n te re d  in  p r o c e s s  c o n t r o l  do n o t  form  a s e r i e s .
A (t )=  X N(t) ( 5 .1 1 )
SA = a c t i v i t y  (Bq/m 1 o r  C i/cm 3)
volum e
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5 .7  C O N CLU SIO N
T h is  c h a p te r  d i s c u s s e d  th e  b a s ic  t h e o r y  o f  n u c le a r  p h y s ic s  and th e  d i f ­
f e r e n t  ty p e s  o f  r a d i a t i o n .  I n  o r d e r  t o  f u l l y  u n d e rs ta n d  how r a d i a t i o n  can  
b e  u t i l i s e d ,  t h e  f o l lo w in g  c h a p te r  d i s c u s s e s  e n e rg y  lo s s  and  p e n e t r a t i o n  
o f  r a d i a t i o n .  A know ledge o f  how d i f f e r e n t  m a te r i a l s  a b so rb  r a d i a t i o n  
a l lo w s  c e r t a i n  p r o p e r t i e s  o f  t h a t  m a te r i a l  t o  be  doduced .
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6 .0  EN ERG Y  LO SS AND PE N E T R A T IO N  O F R A D IA T IO N  TH RO U GH  
M A TTER
6 .1  IN T R O D U C T IO N
T h is  c h a p te r  d i s c u s s e s  t h e  m echanism s by w h ich  i o r i z i n g  r a d i a t i o n  i n t e r ­
a c t s ,  and  h e n ce  lo s e s  e n e r g y , a s  i t  moves th r o u g h  m a t t e r .  The s tu d y  o f  
t h i s  s u b j e c t  i s  e x tre m e ly  im p o r ta n t  f o r  r a d i a t i o n  m e asu re m en ts , b e c a u se  
th e  d e t e c t io n  o f  r a d i a t i o n  i s  b a se d  on i t s  i n t e r a c t i o n s  w i th ,  and  e n e rg y  
d e p o s i te d  i n ,  t h e  m a te r i a l  o f  w hich  th e  d e t e c to r  i s  m ade. T h e r e fo r e  in  
o r d e r  t t  b u i l d  ( o r  u n d e rs t a n d  and  ch o o se )  d e t e c t o r s  and i n t e r p r e t  th e  
r e s u l t s  v f  t h e  m e asu re m en t, i t  i s  im p o r ta n t  t o  know how r a d i a t i o n  i n t e r ­
a c t s  and  t r . a t  th e  c o n seq u e n ce s  a r e  o f  t h e  v a r io u s  i n t e r a c t i o n s .  The t o p i c s  
p r e s e n te d  i e r e  s h o u ld  o n ly  b e  c o n s id e r e d  an  i n t r o d u c t io n  t o  t h i s  e x te n s iv e  
s u b j e c t .  The ra n g e  o f  e n e r g ie s  c o n s id e r e d  i s  shown i n
F ig u re  1 4 ;T d o u lf a n a d is ,1 9 8 4 ] .
P a r t i c l e E n erg y  (MeV)
a lp h a  ( a )
b e t a  (B)
gamma (Yj
n e u tro n s  (n )
H eavy io n s
F ig u re  14 . Maximum E n erg y  C a lc u la t e d
F o r  t h e  d is c u s s io n  t h a t  f o l lo w s ,  io n i z in g  r a d i a t i o n  i s  d iv id e d  i n t o  t h r e e  
g r o u p s :
1. C harged  p a t i e l o s :  e l e c t r o n s  (e  ) ,  p o s i t r o n s  ( e  ) ,  p r o to n s  ( p ) ,
d e u tro n s  ( d ) ,  a lp h a s  ( a )  and h eavy  io n s  (A > 4).
2 . P h o to n s : Gammas ( ? )  o r  x - r a y s .
3 . N e u tro n s .
The d iv i s i o n  i s  c o n v e n ie n t  b e c a u se  eac h  g ro u p  h as i t s  own c h a r a c t e r i s t i c s  
and can  b e  s tu d i e d  s e p a r a t e l y .  E m phasis will be g iv e n  t o  th e  l a s t  tw o as 
t h e s e  a r e  t h e  m ost im p o r ta n t  i n  i n s t r u m e n ta t io n .  The d is c u s s io n  on c h a rg e d  
p a r t i c l e s  w i l l  c e n t r e  on  e x p la in in g  wbv t h e s e  h a v e  l im i t e d  ap; ' i c a b i l i t y  
i n  i n s t r u m e n ta t io n  a p p l i c a t io n s .
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6 .2  M ECHANISMS O F C H A R G E D -P A R T IC L E  EN ERG Y  LO SS
C harged  p a r t i c l e s  t r a v e l l i n g  th ro u g h  m a t te r  lo s e  e n e rg y  a s  a r e s u l t  o f :
1 . Coulomb i n t e r a c t i o n s  w ith  e l e c t r o n s  and  n u c l e i .
2 . E m iss io n  o f  e le c t r o m a g n e t ic  r a d i a t i o n  ( b ie m s s tr a h lu n g ) .
3 . N u c le a r  i n t e r a c t i o n s
4 . E m iss io n  o f  G erenkov  r a d i a t i o n .
When a c h a rg e d  p a r t i c l e  t r a v e l s  th ro u g h  a c e r t a i n  m a te r i a l  i t  may i n t e r a c t  
w ith  e i t h e r  t h e  e l e c t r o n s ,  o r  t h e  n u c le u s ,  o f  t h e  a tom s o f  t h e  m a te r i a l .  
S in c e  t h e  c r o s s - s e c t i o n a l  a re a  o f  t h e  a tom  i s  a p p ro x im a te ly  10s tim e s  th e  
c r o s s - s e c t i o n a l  a re a  o f  th e  n u c le u s ,  i n t e r a c t i o n  w i th  th e  e l e c t r o n s  i s  
much more l i k e l y .  T h e r e fo r e ,  f o r  t h e  c h a rg e d  p a r t i c l e s  w ith  k i n e t i c  e n ­
e r g i e s  c o n s id e r e d  h e r e ,  n u c le a r  i n t e r a c t i o n s  may b e  n e g le c te d .
G erenkov  r a d i a t i o n  c o n s t i t u t e s  a v e ry  s m a ll  f r a c t i o n  o f  th e  e n e rg y  lo s s ,  
and i s  v i s i b l e  e le c t r o m a g n e t ic  r a d i a t i o n  e m i t te d  by p a r t i c l e s  t r a v e l l i n g  
i n  a  medium, w i th  sp e e d  l a r g e r  th a n  t h e  sp e e d  o f  l i g h t .
As a  r e s u l t  o f  e n e rg y  lo s s e s ,  t h e  p a r t i c l e  f i n a l l y  h-.o p s  a f t e r  t r a v e l l i n g  
a  f i n i t e  d i s t a n c e ,  c a l l e d  th e  r a n g e . The p r o b a b i i i t y  o f  a  c h a rg ed  p a r t i c l e  
g o in g  th ro u g h  a p ie c e  o f  m a te r i a l  w ith o u t  i n t e r a c t i o n  i s  p r a c t i c a l l y  z e r o .  
I t  i s  t h i s  f a c t  t h a t  l i m i t s  t h e  a p p l i c a t i o n  o f  c h a rg e d  p a r t i c l e  r a d i a t i o n  
i n  p r o c e s s  in s t r u m e n ta t io n .
6 .2 .1  COULOMB IN T E R A C T IO N S
A coulom b f o r c e  f  i s  e x e r te d  on an  e l e c t r o n  by  a  c h a rg e d  p a r t i c l e  a t  a  
d i s t a n c e  x from  i t .  Thu a c t io n  o f  t h e  f o r c e  o v e r  a p e r io d  o f  t im e , may 
r e s u l t  i n  t h e  t r a n s f e r  o f  e n e rg y  1rom th e  m oving c h a rg e d  p a r t i c l e  t o  th e  
bound  e l e c t r o n .  I o n i z a t io n  o r  e x c i t a t i o n  o f  th e  e l e c t r o n  may th e n  o c c u r .  
I o n i z a t io n  o c c u r s  when th e  e le c t r o : ,  o b t a in s  enough  e n e rg y  t o  le a v e  th e  
a tom  and i t  th e n  b e h av e s  l i k e  any o th e r  c h a rg e d  p a r t i c l e ,  E x c i t a t i o n  
o c c u r s  when th e  e l e c t r o n  moves t o  a h ig h e r  e n e rg y  l e v e l .  In  a s h o r t  p e r io d  
o f  tim e  th e  e l e c t r o n  w i l l  move to  a low er e n e rg y  l e v e l ,  if th e r e  i s  one 
a v a i l a b l e ,  and an x - r a y  w i l l  b e  o m it te d .
6 . 2 . 2  EM ISSIO N  O F E L E CTRO M A G N ETIC RA D IA TIO N
E v e ry  f r e e  ch a rg ed  p a r t i c l e  t h a t  a c c e l e r a t e s  o r  d e c e l e r a t e s  lo s e s  p a r t  
o f  i t s  k i n e t i c  e n e rg y  by  e m i t t i n g  e le c t r o m a g n e t ic  r a d i a t i o n .  T h is  r a d i ­
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a t i o n  i s  c a l l e d  b r e m s s tr a h lu n g ,  w h ich  in  German means b r a k in g  r a d i a t i o n .  
B re ro s s tra h lu n g  i s  n o t  m o n o e n e rg e t ic ,  b u t  consists of p h o to n s  o f  e n e r g ie s  
from  z e r o  up to  a  maximum e q u a l  t o  t h e  k i n e t i c  e n e rg y  o f  t h e  p a r t i c l e .
I t  c an  b e  shown t h a t :
1 . F o r  tw o p a r t i c l e s  t r a v e l l i n g  in  t h e  same medium, t h e  l i g h t e r  p a r t i c l e  
w i l l  e m it a  much g r e a t e r  amount o f  b r e m s s tr a h lu n g  th a n  th e  h e a v ie r  
p a r t i c l e  ( o th e r  t h in g s  b e in g  e q u a l ) .
2. More b r e m s s t ia h lu n g  i s  e m it te d  i f  a  p a r t i c l e  t r a v e l s  i n  a medium w ith
h ig h e r  a to m ic  num ber % th a n  in  one  w ith  a  low er a to m ic  num ber.
F o r  low e n e rg y  r a d i a t i o n ,  b re m s s tr a h lu n g  m ig h t b e  im p o r ta n t  f o r  e l e c t r o n s
o n ly  i n  h ig h - 2  m a te r i a l s  l i k e  le a d  (2 = 6 2 ).
6 . 2 . 3  S T O P PIN G  POWER DUE T O  IO N IZA TIO N  AND E X C IT A T IO N
A c h a rg e d  p a r t i c l e  m oving th ro u g h  a m a te r i a l  e x e r t s  Coulomb f o r c e s  on many 
atom s s im u lta n e o u s ly .  E very  atom h a s  many e l e c t r o n s  w i th  d i f f e r e n t  
i o n i z a t i o n  and  e x c i t a t i o n  p o t e n t i a l s .  As a r e s u l t  o f  t h i s ,  t h e  m oving 
c h a rg e d  p a r t i c l e  i n t e r a c t s  w i th  m i l l i o n s  o f  e l e c t r o n s .  E ach  i n t e r a c t i o n  
h a s  a  c e r t a i n  p r o b a b i l i t y  o f  o c u rre n c e  and e n e rg y  l o s s .  I t  i s  th u s  o n ly  
p o s s ib l e  t o  c a l c u l a t e  an  a v e ra g e  e n e rg y  lo s s  p e r  u n i t  t r a v e l l e d  ( d £ /d x ) . 
Owing t o  t h e i r  d i f f e r e n t  m asses  t h e  c a l c u l a t i o n  d i f f e r s  s l i g h t l y  f o r  
e l e c t r o n s  and p o s i t r o n s  th a n  t h a t  f o r  t h e  h e a v ie r  c h a rg e d  p a r t i c l e s  l i k e  
p r o to n s ,  d e u tro n s  and a lp h a  p a r t i c l e s .
T h is  is b e c a u se  an incoming e l e c t r o n  o r  ' ds i t r o n  may lo s e  a l l  i t s  e n e rg y  
in  a  s i n g l e  c o l l i s i o n  w ith  an a to m ic  e l e c t r o n  a s  t h e y  a r e  o f  s i m i l a r  m ass. 
They may a l s o  b e  e a s i l y  s c a t t e r e d ,  and a s  a r e s u l t  t h e i r  t r a j e c t o r y  i s  a 
z ig - z a g  o n e . H e a v ie r  p a r t i c l e s  on th e  o th e r  hand  lo s e  s m a l le r  am ounts o f  
e n e rg y  and  t h e i r  t r a j e c t o r y  i s  a lm o s t a  s t r a i g h t  o n e . F o r t h e  d e r iv a t io n  
o f  t h e  a v e ra g e  e n e rg y  lo s s  p e r  u n i t  d i s t a n c e  t r a v e l l e d  ( d E /d x ) . ( s e e  
E v a n s[1 9 7 2 ] , S e g re [1 9 6 8 ]  o r  Roy e t .  a l . [1 9 6 6 ]) .
Many d i f f e r e n t  names h av e  been  u se d  f o r  th e  q u a n t i t y  dE /d x : names l i k e  
e n e rg y  l o s s ,  d i f f e r e n t i a l  e n e rg y  lo s s ,  o r  s to p p in g  pow er. I n  t h i s  t e x t  
th e  te rm  s to p p in g  pow er w i l l  b e  u se d .
I t  s h o u ld  b e  n o te d  t h a t  t h e  s to p p in g  pow er [ T s o u l f a n a d is ,1984]
1. I s  in d e p e n d a n t o f  t h e  p a r t i c l e ,
2 . I s  p r o p o r t i o n a l  t o  t h e  sq u a re  o f  th e  p a r t i c l e  c h a rg e ,
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3 . D epends on th e  sp e e d  o f  t h e  p a r t i c l e ,
4 . i s  p r o p o r t i o n a l  t o  t h e  d e n s i ty  o f  t h e  m a te r i a l .
6 . 2 . 4  RANGE O F CH A RG ED  P A R T IC L E S
A c h a rg e d  p a r t i c l e  m oving th ro u g h  a  c e r t a i n  m a te r i a l  lo s e s  i t s  k i n e t i c  
e n e rg y  th r o u g h  i n t e r a c t i o n s  w ith  th e  e l e c t r o n s  and n u c l e i  o f  th e  m a t e r i a l . 
E v e n tu a l ly  t h e  p a r t i c l e  w i l l  s to p ,  p ic k  up  th e  n e c e s s a r y  num ber o f  
e l e c t r o n s  and  become n e u t r a l .
The p a th l e n g t h  S , i s  t h e  t o t a l  d i s t a n c e  t r a v e l l e d  by th e  p a r t i c l e  ( s ig  
z ag  p a t h ) .  The th ic k n e s s  o f  m a te r i a l  t h a t  j u s t  s to p s  a  p a r t i c l e  o f  k i n e t i c  
e n e rg y  T, mass H and c h a rg e  z is c a l l e d  th e  r a n g e  o f  th e  p a r t i c l e  i n  th e  
m a t e r i a l .  The ra n g e  i s  e q u a l t o  t h e  d is p la c e m e n t  o f  t h e  p a r t i c l e  and i s  
an  a v e ra g e  q u a n t i t y .
Range can  b e  m easured  i n  m e te r s ,  o r ,  i f  n o r m a l is e d  by  th e  m a te r i a l  d e n s i ty  
i n  kg /m 2 . The ra n g e  m easu red  i n  kg/m 2 i s  in d e p e n d a n t o f  t h e  s t a t e  (d en ­
s i t y )  o f  t h e  m a t t e r ,  i . e .  i t  i s  t h e  same w h e th e r  i t  moves i n  i c e ,  steam
Exam ples o f  p a r t i c l e  r a n g e s  a r e :
1 . 3  MeV a lp h a  p a r t i c l e  i n  g o ld  = 6)im,
2 . 5 MeV d e u tro n  i n  a i r  = 0.21m .
.3. 1 MeV e l e c t r o n  in  g o ld  = 113pm.
6 .3  IN T E R A C T IO N S O F  GAMMA AND X -R A Y S  WI T H  MATTER
X -ra y s  and gamma r a y s  a r e  e le c t r o m a g n e t ic  r a d i a t i o n .  C o n s id e re d  a s  p a r ­
t i c l e s ,  when th e y  t r a v e l  w i th  th e  v e l o c i t y  o f  l i g h t  c ,  t h e i r  r e s t  mass 
i s  z e r o  and s o  t s  t h e i r  c h a r g e . A common name f o r  x - r a y s  and gamma (? )  
r a y s  os p a r t i c l e s  i s  p h o to n s . The r e l a t i o n s h i p  b e tw een  e n e rg y , f re q u e n c y  
and  wavelength is:
E = hv = h .c /X  ( 6 .1 )
T h e re  i s  no  c l e a r  d i s t i n c t i o n  b e tw een  x - r a y s  and gamma r a y s .  The verm 
x - r a y s  i s  a p p l ie d  g e n e r a l l y  t o  p h o to n s  w i th  R < 1 MeV. Gammas a r e  p h o to n s  
w ith  E > 1 MeV. I n  w hat f o l lo w s ,  th e  te rm s  p h o to n s , gamma and x - r a y s  w i l l  
b e  u s e d  in te r c h a n g e a b ly .
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X -ra y s  a r e  g e n e r a l l y  p ro d u c e d  by a to m ic  t r a n s i t i o n s  su c h  as e x c i t a t i o n  
and  i o n i z a t i o n .  Gamma r a y s  a r e  e m it te d  i n  n u c le a r  t r a n s i t i o n s .  P h o to n s 
a r e  a l s o  p ro d u ce d  a s  b r e m s s tr a h lu n g ,  by  a c c e l e r a t in g  o r  d e c e l e r a t i n g  
c h a rg e d  p a r t i c l e s .  X -ra y s  and  gamma r a y s  e m it te d  by  a tom s and n u c l e i  a r e  
m o n o e n e rg e t ic . B re m ss tra h lu n g  h as a c o n tin u o u s  e n e rg y  sp e c tru m .
B o th  x - r a y s  and  gamma r a y s  a re  u se d  in  t h e  p r o c e s s  c o n t r o l  in d u s t r y .  
X -ra y s  a r e  u se d  in  x - r a y  f lo u r e s c e n c e  t o  i d e n t i f y  v a r io u s  s u b s ta n c e s  and 
t o  exam ine p r o c e s s  m a te r i a l  ( e . g ,  p ip e s )  f o r  d e f e c t s .  Gamma r a y s  a r e  
w id e ly  u se d  in  i n s t r u m e n ta t io n  .and a r e  t h e  c e n t r e  o f  d i s c u s s io n  h e re .  
Gamma ra y s  a r e  u se d  f o r  l e v e l ,  d e n s i ty ,  t h i c k n e s s  and w e ig h t m easu rem en t.
T h e re  i s  a lo n g  l i s t  o f  p o s s ib l e  i n t e r a c t i o n  o f  p h o to n s  w i th  m a t t e r ,  b u t  
o n ly  th e  t h r e e  m ost im p o r ta n t  o n e s w i l l  b e  d is c u s s e d  h e r e :  t h e  p h o to e ­
l e c t r i c  e f f e c t ,  Compton s c a t t e r i n g  and p a i r  p r o d u c tio n .
6 .3 .1  TH E P H O T O E L E C T R IC  E FF E C T
The p h o t o e l e c t r i c  e f f e c t  i s  an i n t e r a c t i o n  be tw ee n  a p h o to n  and  a b o iw . 
a to m ic  e l e c t r o n .  As a r e s u l t  o f  t h e  i n t e r a c t i o n ,  th e  p h o to n  d is a p p e a r s  
and one  o f  th e  a to m ic  e l e c t r o n s  i s  e j e c t e d  as a  f r e e  e l e c t r o n  c a l l e d  a 
p h o to e le c t r o n .
The p r o b a b i l i t y  o f  t h i s  i n t e r a c t i o n  o c c u r r in g  i s  c a l l e d  t h e  p h o t o e l e c t r i c  
c r o s s  s e c t i o n  o r  p h o t o e l e c t r i c  c o e f f i c i e n t  and  i s  d e s ig n a t e d  r(m  * ) ,
t = probability for photoelectric effect to occur per unit distance 
travelled by the photon.
T he p h o t o e l e c t r i c  e f f e c t  d e c r e a s e s  a s  i n c r e a s e s  and i n c r e a s e s  a s  Z 
Increases. Thus i t  i s  more important, i . e .  biotp p r o b a b le  f o r  h ig h  2 ma­
t e r i a l s .  I t  i s  a l s o  more im p o r ta n t  f o r  Ey=10 keV th a n  Ey=S00 keV f o r  th e  
same m a te r i a l .
6 . 3 . 2  COMPTON SC A T T E R IN G  O R COM PTON E FF E C T
The Compton e f f e c t  i s  a  c o l l i s i o n  b e tw een  a  p h o to n  and a  f r e e  e l e c t r o n .  
Of c o u r s e ,  u n d e r  ribrm al c ir c u m s ta n c e s ,  a l l  t h e  e l e c t r o n s  in  a  medium a re  
n o t  f r e e  b u t  bound , how ever, i f  th e  e n e rg y  o f  t h e  p h o to n  i s  o f  t h e  o r d e r  
o f  keV, w h ile  t h e  e l e c t r o n  b in d in g  e n e rg y  i s  o f  th e  o r d e i  o f  eV, th e  
e l e c t r o n  may b e  c o n s id e r e d  f r e e .
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T he p h o to n  does n o t  d i s a p p e a r  a f t e r  Compton s c a t t e r i n g ,  o n ly  i t s  d i r e c t i o n  
and  e n e rg y  c h a n g e . The p h o to n  e n e rg y  i s  r e d u c e d  by  t h e  am ount g iv e n  to  
t h e  e l e c t r o n .  The minimum e n erg y  o f  th e  s c a t t e r e d  p h o to n  i s  g r e a t e r  th a n  
z e r o .  T h e r e f o r e ,  i n  Compton s c a t t e r i n g ,  i t  i s  im p o s s ib le  f o r  a l l  t h e  e n ­
e rg y  o f  t h e  p h o to n  t o  be g iv e n  to  t h e  e l e c t r o n .  The e n e rg y  of th e  e l e c t r o n  
w i l l  b e  d i s s i p a t e d  in  t h e  m a te r i a l  i n  a d i s t a n c e  e q u a l t o  t h e  ra n g e  o f  
th e  e l e c t r o n .  The s c a t t e r e d  p h o to n  may e sc a p e .
The p r o b a b i l i t y  t h a t  Compton s c a t t e r i n . w i l l  o c c u r  i s  c a l l e d  th e  Compton 
c o e f f i c i e n t  o r  th e  Compton c ro s s  s e c t i o n  and i s  d e s ig n a t e d  0(m 1) ,
w here  o =  p r o b a b i l i t y  f o r  Compton s c a t t e r i n g  t o  o c c u r  p e r  u n i t  d i s t a n c e .
The p r o b a b i l i t y  f o r  Compton s c a t t e r i n g  t o  o c c u r  i s  a lm o s t in d e p e n d e n t o f  
th e  a to m ic  num ber o f  t h e  m a t e r i a l . o  d e c r e a s e s  a s  Ey  in c r e a s e s  and i s  
a lm o s t c o n s ta n t  a s  2 i n c r e a s e s  b u t  does d e c r e a s e  s l i g h t y  f o r  h ig h  Z.
6 . 3 . 3  PA IR  N
P a i r  p r o d u c t io n  i s  mi i n t e r a c t i o n  b e tw ee n  a p h o to n  and a  n u c le u s .  As a 
r e s u l t  o f  t h e  i n t e r a c t i o n ,  t h e  p h o to n  d is a p p e a r s  and an  e l e c t r o n - p o s i t r o n  
p a i r  r e s u l t s .  A lth o u g h  th e  n u c le u s  does n o t  u n d e rg o  any  change  a s  a  r e s u l t  
o f  t h e  i n t e r a c t i o n ,  i t s  p r e s e n c e  i s  n e c e s s a r y  f o r  p a i r  p r o d u c t io n  t o  o c -
The k i n e t i c  e n e rg y  o f  t h e  e l e c t r o n - p o s i t r o n  i s  e q u a l  t o  t h e  p h o to n  e n e rg y  
m inus 1 .0 2 2  MeV, w h ich  i s  n e c e s s a r y  f o r  th e  p r o d u c t io n  o f  t h e  tw o r e s t  
m a sse * . N ote  t h a t  t h i s  means o n ly  gumma r a y s  o f  e n e rg y  g r e a t e r  th a n  1 .022  
MeV a r e  c a p a b le  o f  p a i r  p r o d u c t io n .  The e l e c t r o n  and p o s i t r o n  s h a r e ,  f o r  
a l l  p r a c t i c a l  p u r p o s e s ,  t h e  a v a i l a b l e  k i n e t i c  e n e rg y . P a i r  p r o d u c tio n  
e l im in a te s  t h e  o r i g i n a l  p h o to n , b u t  two p h o to n s  a r e  i - r e a te d  when th e  
p o s i t r o n  a n n i h i l a t e s . The a n n i h i l a t i o n  p h o to n s  a r e  im p o r ta n t  i n  c o n ­
s t r u c t i n g  s h i e ld in g  a g a i n s t  them  a s  w e ll a s  f o r  t h e  d e t e c t io n  o f  gammas.
The p r o b a b i l i t y  f o r  p a i r  p r o d u c tio n  t o  o c c u r  i s  c a l l e d  t h e  p a i r  p r o d u c tio n  
c o e f f i c i e n t  o r  c r o s s  s e c t i o n  and i s  d e s ig n a t e d  k(m ^ ,
w here  k  = th e  p r o b a b i l i t y  f o r  p a i r  p r o d u c tio n  t o  o c c u r  p e r  u n i t  d i s t a n c e  
t r a v e l l e d .
L h a s  a t h r e s h o ld  a t  1 .0 2 2  MeV and in c r e a s e s  w i th  iiy  and Z. Of t h e  t h r e e  
c o e f f i c i e n t s  d i s c u s s e d ,  k  i s  t h o  o n ly  one  in c r e a s in g  w i th  t h e  e n e rg y  o f  
t h e  p h v to n .
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6 .3 .4  T O T A L  A T T EN U A T IO N  C O E F F IC IE N T
When a  p h o to n  t r a v e l s  th ro u g h  m a t t e r ,  i t  may i n t e r a c t  th ro u g h  any o f  th e  
t h r e e  i n t e r a c t i o n s  d is c u s s e d  e a r l i e r .  (F o r p a i r  p r o d u c t io n ,  :• 1 .022  
MeV). T h ere  a re  o th e r  i n t e r a c t i o n s ,  b u t  th e y  a r e  n o t  m en tioned  h e re  as 
th e y  a re  n o t  im p o r ta n t in  th e  d e t e c t io n  o f  gammas.
F ig u re  15 (from  E /a n s [2 9 7 2 J )  shows th e  r e l a t i v e  im p o r ta n c e  o f  t h e  th r e e  
i n t e r a c t i o n s  a s  E? and  Z ch an g e . C o n s id e r  a p h o to n  w ith  E = 0 .1  MeV. I f  
t h i s  p a r t i c l e  t r a v e l s  in  c a rb o n  (2 = 6 ), th e  Compton e f f e c t  i s  th e  p redom ­
in a n t  e f f e c t  by w hich t h i s  p h o to n  i n t e r a c t s .  I f  th e  same p h o to n  t r a v e l s  
i n  io d in e  tZ = 5 3 ) , th e  p h o to e l e c t r i c  e f f e c t  d o m in a te s .
F ig u re  15. The r e l a t i v e  im p o rta n c e  o f  th e  th r e e  m a jo r gamma i n t e r ­
a c t io n s
The t o t a l  p r o b a b i l i t y  f o r  i n t e r a c t i o n  p c a l l e d  th e  t o t a l  l i n e a r  a t t e n ­
u a t io n  c o e f f i c i e n t ,  i s  e q u a l t o  th e  sum ' f  t h e  t h r e e  p r o b a b i l i t i e s .
pfm =  t  + o + k ( 6 .2 )
P h y s i c a l ly  y i s  th e  p r o b a b i l i t y  o f  i n t e r a c t i o n  p e r  d i s t a n c e ,  T h ere  a re  
t a b l e s  t h a t  g iv e  y f o r  a l l  th e  e le m e n ts  f o r  many p h o to n  e n e r g ie s .  Most 
o f  th e  t a b l e s  p r o v id e  y i n  u n i t s  o f  m1/k g .  ( o r  cm2/ g ) ,  b e c a u se  in t h e s e  
u n i t s  th e  d e n s i ty  o f  the. m a te r ia l  does n o t  have  to  be s p e c i f i e d .  I f  y i s  
g iv e n  in  m1/k g  ( o r  cm’ / g )  i t  i s  c a l l e d  the. t o t a l  mass a t t e n u a t io n  c o e f ­
f i c i e n t .  The r e l a t i o n s h i p  be tw een  l i n e a r  and m ass c o e f f i c i e n t s  i s
y(m2/k g j  = p(m S /p C k g /m 1) ( 6 .3 )
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The t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  shows a minimum b e c a u se  a s  E? i n ­
c r e a s e s ,  i d e c r e a s e s ,  k  i n c r e a s e s  and a d o e s n o t  change  a p p r e c ia b ly .  
H ow ever, th e  minimum o f  u does n o t  f a l l  a t  t h e  same e n e rg y  f o r  a l l  e l e ­
m e n ts . F o r  le a d ,  p i s  m in im ized  a t  E ^~3.5  MeV; f o r  aluminum a t  20 MeV and 
f o r  Nfil a t  5  MeV.
I f  a  p a r a l l e l  beam o f  m onoen& rgctic. gamma r a y s  goes th ro u g h  a m a te r ia l  
o f  t h i c k n e s s  t ,  t h e  f r a c t i o n  o f  th e  beam t h a t  t r a v e r s e s  t h e  medium w ith o u t  
any i n t e r a c t i o n  i s  e q u a l t o  eu l . The p r o b a b i l i t y  t h a t  a  p h o to n  w i l l  go 
th ro u g h  th ic k n e s s  t  w ith o u t  an i n t e r a c t i o n  i s :
P r o b a b i l i t y  o f
t r a v e r s i n g  =  num ber t r a n s m i t te d =  e  ( 6 .4 )
th ic k n e s s  t  num ber in c id e n t
The a v e ra g e  d i s t a n c e  b e tw een  tw o s u c c e s iv e  i n t e r a c t i o n s ,  c a l l e d  t h e  mean 
fre e , p a th  (X ) , i s  t h e  in v e r s e  o f  t h e  t o t a l  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t ,
The t o t a l  m ass a t t e n u a t i o n  c o e f f i c i e n t  f o r  a compound o r  a  m ix tu re  i s :  
W g(ra'/kg) = ZW^v^(m1/k g )
( 6 .5 )
y = t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  f o r  a  compound o r  m ix tu re  
tf . = w e ig h t f r a c t i o n  o f  i t h  e le m e n t in  compound
= t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  f o r  i t h  e le m e n t.
6 . 3 . 5  PH O TO N  EN ERG Y  A B S O R PT IO N  C O E F F IC IE N T
When a  p h o to n  h a s  an i n t e r a c t i o n ,  o n ly  p a r t  o f  i t s  e n e rg y  i s  a b so rb e d  by 
th e  medium a t  th e  p o in t  w here t h e  i n t e r a c t i o n  to o k  p i e c e .  E n erg y  g iv e n  
by th e  p h o to n  t o  e l e c t r o n s  and p o s i t r o n s  i s  c o n s id e r e d  a b so rb e d  a t  th e  
p o in t  o f  i n t e r a c t i o n  b e c a u se  th e  ra n g e  o f  t i e s e  c h a rg e d  p a r t i c l e s  i s  
s h o r t .  H ow ever, x - r a y s ,  Compton s c s L te r e d  p h o to n s  o r  a n n i h i l a t i o n  gammas 
may e s c a p e . The f r a c t i o n  o f  p h o to n  e n e rg y  t h a t  e sc a p e s  i s  im p o r ta n t  when 
one  w an ts  t o  c a l c u l a t e  h e a t  g e n e r a te d  due  t o  gemma a b s o rp t io n  in  s h ie ld in g  
m a te r i a l s  o r  gamma r a d i a t i o n  d o se  t o  hum ans. The gamma e n e rg y  d e p o s i te d  
in  any  m a te r i a l  i s  c a l c u l a t e d  w i th  t h e  h e lp  o f  e n e rg y  a b s o r p t io n  c o e f f i ­
c i e n t  d e f in e d  in t h e  following way.
The gamma e n e rg y  a b s o rp t io n  c o e f f i c ie - n t  i s  i n  g e n e r a l  t h a t  p a r t  o f  th e  
t o t a l  a t t e n u a t io n  c o e f f i c i e n t  t h a t  when m u l t i p l i e d  by th e  gamma e n e rg y , 
w i l l  g iv e  t h e  e n « rg y  d e p o s i te d  a t  t h e  p o in t  o f  i n t e r a c t i o n .  The e n e rg y  
a b s o r p t io n  c o e f f i c i e n t  p i s :
tis  = i  + T a v .c /E y  + k ( 6 .6 )
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The t o t a l  m ass a t t e n u a t i o n  c o e f f i c i e n t  show s a minimum b e c a u s e  a s  Ey i n ­
c r e a s e s ,  t  d e c r e a s e s ,  k in c r e a s e s  and o d o e s n o t  change a p p r e c ia b ly .  
H ow ever, t h e  minimum o f  y  d o e s n o t  f a l l  a t  t h e  same e n e rg y  f o r  a l l  e l e ­
m e n ts . F o r  l e a d ,  y i s  m in im ized  a t  E y~3.5  MeV; f o r  aluminum a t  20 MeV and 
f o r  N al a t  5 MeV.
I f  a  p a r a l l e l  beam o f  m o n o e n e rg e t ic  gamma r a y s  g o e s th ro u g h  a m a te r ia l  
o f  t h i c k n e s s  t ,  t h e  f r a c t i o n  o f  th e  beam t h a t  t r a v e r s e s  th e  medium w ith o u t  
any  i n t e r a c t i o n  i s  e q u a l t o  eV t. The p r o b a b i l i t y  t h a t  a p h o to n  w i l l  go 
th ro u g h  th ic k n e s s  t  w ith o u t  an i n t e r a c t i o n  i s :
P r o b a b i l i t y  o f
t r a v e r s i n g  = num ber t r a n s m i t t e d = e yt; ( 6 .4 )
th i c k n e s s  t  num ber in c id e n t
The a v e ra g e  d i s t a n c e  b e tw ee n  two s u c c e s iv e  i n t e r a c t i o n s ,  c a l l e d  t h e  mean 
f r e e  p a th  (X ) , i s  t h e  in v e r s e  o f  th e  t o t a l  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t .
The t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  f o r  a compound o r  a  m ix tu re  i s :  
yc (m2/k g )  = IW1V1 (m1/k g )
(6 .5 )
y = t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  f o r  a compound o r  m ix tu r  
-  w e ig h t f r a c t i o n  o f  i t h  e le m e n t i n  compound 
= t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  f o r  i t h  e le m e n t.
6 .3 .5  PH O TO N  EN ERG Y  A B S O R PT IO N  C O E F F IC IE N T
When a p h o to n  h a s  an i n t e r a c t i o n ,  o n ly  p a r t  o f  i t s  e n e rg y  i s  a b so rb e d  by 
th e  medium a t  t h e  p - i in t  w here  th e  i n t e r a c t i o n  to o k  p la c e .  E n erg y  g iv e n  
by th e  p h o to n  t o  e l e c t r o n s  and p o s i t r o n s  i s  c o n s id e r e d  a b so rb e d  a t  th e  
p o in t  o f  i n t e r a c t i o n  b e c a u se  th e  r a n g e  o f  t h e s e  c h a rg e d  p a r t i c l e s  i s  
s h o r t ,  H ow ever, x - r a y s ,  Compton s c a t t e r e d  p h o to n s  o r  a n n i h i l a t i o n  gammas 
may e s c a p e .  The f r a c t i o n  o f  p h o to n  e n e rg y  t h a t  e sc a p e s  i s  im p o r ta n t  when 
one  w an ts  t o  c a l c u l a t e  h e a t  g e n e r a te d  d u e  t o  gamma a b s o rp t io n  in  s h i e ld in g  
m a te r i a l s  o r  gamma r a d i a t i o n  d o se  t o  hum ans. The gamma e n e rg y  d e p o s i te d  
i n  any m a te r i a l  i s  c a l c u l a t e d  w ith  t h e  h e lp  o f  e n e rg y  a b s o rp t io n  c o e f f i ­
c i e n t  defined in t h e  f o l lo w in g  way.
The gamma e n e rg y  a b s o r p t io n  c o e f f i c i e n t  i s  i n  g e n e r a l  t h a t  p a r t  o f  th e  
t o t a l  a t t e n u a t io n  c o e f f i c i e n t  t h a t  when m u l t i p l i e d  by th e  gamma e n e rg y , 
w i l l  g iv e  th e  e n e rg y  d e p o s i te d  a t  th e  p o in t  o f  i n t e r a c t i o n .  The e n e rg y  
a b s o r p t io n  c o e f f i c i e n t  y  i s :
Pa  = t + T a v .o /E j . + k  ( 6 .6 )
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w h ere  T av i s  t h e  a v e ra g e  e n e rg y  o f  t h e  Compton e l e c t r o n  and ufl may b e  a 
l i n e a r  o r  m ass e n e rg y  a b s o r p t io n  c o e f f i c i e n t  d e p en d in g  on th e  u n i t s .
I n  w r i t i n g  E q . 6 .6  i t  i s  assum ed t h a t :
1 . I f  p h o t o e l e c t r i c  e f f e c t  o r  p a i r  p r o d u c tio n  t a k e s  p l a c e ,  a l l  t h e  e n e rg y  
o f  th e  gamma i s  d e p o s i te d  t h e r e .
2 . I f  Compton s c a t t e r i n g  o c c u r s ,  o n ly  t h e  e n e rg y  o f  t h e  e l e c t r o n  i s  a b ­
s o r b e d . The Compton s c a t t e r e d  gamma e s c a p e s .
I n  t h e  c a s e  o f  p h o t o e l e c t r i c  e f f e c t ,  a ssu m p tio n  (1 ) i s  good . F o r  p a i r  
p r o d u c t io n ,  how ever, i t  i s  q u e s t io n a b le  b e c a u se  o n ly  th e  e n e rg y  
E - 1 ,022  MeV i s  g iv e n  t o  t h e  e l e c t r o n - p o s i t r o n  p a i r .  The r e s t  o f  th e  
, e q u a l  t o  1 .0 2 2  MeV, i s  t a k e n  by  th e  tw o a n n i h i l a t i o n  gammas and 
: d e p o s i te d  i n  t h e  medium. T h ere  a r e  c a s e s  when Eq. 6 .2 1  i s  m o d if ie d  
. f o r  t h i s  e f f e c t  [H u b b e ll ,1 9 6 9 ] .
6 .4  IN T E R A C T IO N S O F N E U T R O N S W ITH M A TTER
N eu tro n s  w i th  p r o to n s ,  a r e  th e  c o n s t i t u e n t s  o f  n u c le i ,  S in c e  a  n e u tro n  
h a s  no  c h a r g e , i t  i n t e r a c t s  w i th  n u c l e i  o n ly  th ro u g h  n u c l e a r  f o r c e s .  When 
i t  a p p ro a ch e s  a n u c le u s ,  i t  does n o t  h av e  to  go th ro u g h  a  Coulomb b a r r i e r ,  
a s  a c h a rg e d  p a r t i c l e  d o e s . As a r e s u l t ,  th e  p r o b a b i l i t y  ( c r o s s  s e c t i o n )  
f o r  n u c le a r  i n t e r a c t i o n s  i s  h ig h e r  f o r  n e u tro n s  th a n  f o r  c h a rg e d  p a r t i ­
c l e s .  T h is  s e c t i o n  d i s c u s s e s  t h e  im p o r ta n t  c h a r a c t e r i s t i c s  o f  n e u tro n  
in t e r a c t i o n s ,  w ith  e m p h asis  g iv e n  t o  n e u tro n  c r o s s  s e c t i o n s  and c a l c u ­
l a t i o n  o f  i n t e r a c t i o n  r a t e s .  N e u tro n  r a d i a t i o n  i s  commonly u se d  in  p ro c e s s  
in s t r u m e n ta t io n  to  d e te rm in e  th e  m o is tu re  c o n te n t  o f  b u lk  s o l i d s .  (See  
C h a p te r  2 ) .
6 .4 .1  T Y PE S O F NEUTRON  IN T E R A C T IO N S
The i n t e r a c t i o n s  of n e u tro n s  w ith  n u c l e i  a r e  d iv id e d  i n t o  t 
SCATTERING
I n  t h i s  ty p e  o f  i n t e r a c t i o n ,  t h e  n e u tro n  i n t e r a c t s  w i th  a n u c le u s ,  b u t 
b o th  p a r t i c l e s  r e a p p e a r  a f t e r  t h e  r e a c t i o n . S c a t t e r i n g  may b e  elastic o r  
I n e l a s t i c .  I n  e l a s t i c  s c a t t e r i n g ,  th e  t o t a l  k i n e t i c  e n e rg y  o f  t h e  two 
p a r t i c l e s  i s  c o n se rv e d  and s im p ly  d i s t r i b u t e d  b e tw een  th e  p a r t i c l e s .  In  
i n e l a s t i c  s c a t t e r i n g ,  p a r t  o f  t h e  k i n e t i c  e n e rg y  o f  t h e  n e u t ro n  i s  g iv e n  
t o  th e  n u c le u s  a s  e x c i t a t i o n  e n e rg y . A f t e r  t h e  c o l l i s i o n ,  t h e  e x c i te d  
n u c le u s  w i l l  d ecay  by e m i t t i n g  one  o r  more gamma r a y s ,
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If the interaction is an absorption, the neutron disappears, but c
more particles appear after the reaction takes place.
6 . 4 . 2  N EUTRON  C R O S S SE C T IO N S
C o n s id e r  a m o n o e n e rg e t ic  p a r a l l e l  beam o f  n e u tro n s  h i t t i n g  a t h i n  t a r g e t  
( i . e .  one  t h a t  d o e s n o t  a p p re c ia b ly  a t t e n u a t e  t h e  b e am ). The num ber o f  
r e a c t i o n s  p e r  s e c o n d , R, may b e  w r i t t e n  a s :
R = I (n /m , s ) [N ( n u c le i /m ’ ) )  (a(m 2) ] [ t ( m ) ] [ o ( m 2 ) )  ( 6 .7 )
The p a ra m e te r  o ,  c a l l e d  th e  c r o s s  s e c t i o n ,  h a s  t h e  f o l lo w in g  m eaning:
o(m2) = p r o b a b i l i t y  t h a t  an  i n t e r a c t i o n  w i l l  o c c u r  p e r  t a r g e t  
n u c le u s  p e r  n e u t ro n  p e r  m h i t t i n g  th e  t a r g e t
The u n i t  o f  o i s  t h e  b a rn  ( b ) .
1 b  = 10"24cm2 =  10*28m2
N e u tro n  c r o s s  s e c t i o n s  depend  s t r o n g ly  on th e  e n e rg y  o f  th e  n e u tro n  as 
w e l l  a s  t h e  a to m ic  w e ig h t and  num ber o f  th e  t a r g e t  n u c le u s .  The c r o s s  
s e c t i o n  6 ( b )  i s  c a l l e d  th e  m ic ro s c o p ic  c r o s s  s e c t i o n .  A no the r form  o f  
c r o s s  s e c t i o n  f r e q u e n t ly  a p p l ie d  i s  t h e  m a c ro sc o p ic  c r o s s  s e c t i o n  £(m )
and i s  a n a lo g o u s  t o  t h e  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t  o f  gamma r a y s .
6 .4 .3  TH E  NEUTRON  FLUX
I n  m ost c a s e s  th e  n e u tro n  s o u r c e  c o n s i s t s  o f  n e u tro n s  t h a t  t r a v e l  i n  a l l  
d i r e c t i o n s  and n o t  in  t h e  same d i r e c t i o n  a s  assum ed t i l l  now. I t  i s  th u s  
n e c e s s a r y  t o  m od ify  E q . 6 .7 .  Assume t h a t  at. some p o in t  i n  sp a c e  t h e  n e u ­
t r o n  d e n s i ty  i s  n (n e u tr o n s /m 3) .  I f  a  t a i g e t  i s  p la c e d  a t  t h a t  p o i n t ,  t h e  
i n t e r a c t i o n  r a t e  R ( re a c t.1 o n s /m 3s x w i l l  b e :
R = n C n e u tro n s /m 1) [ '’(m /s ) ]  [ £(m ) ]  ( 6 .8 )
The p r o d u c t  n v , r e p r e s e n t s  t h e  t o t a l  p a th le n g t h  t r a v e l l e d  p e r  second  by 
a l l  th e  n e u tro n s  i n  1 m \  and  i s  c o l l e d  th e  n e u tro n  f l u x  i .
A n o the r q u a n t i ty  r e l a t e d  t o  th« . f lu x  and u se d  in  r a d i a t i o n  e x p o su re  c a l ­
c u l a t i o n s  i s  t h s  n e u t ro n  f lu e n c e  F , d e f in e d  by
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If the interaction is an *.uc irption, the neutron disappears, but c
more particles appear after tlu reaction takes place.
6 .4 .2  N EUTRON  C R O S S SE C T IO N S
C o n s id e r  a m o n o e n e rg e t ic  p a r a l l e l  beam o f  n e u tro n s  h i t t i n g  a  t h i n  t a r g e t  
( i . e .  one  t h a t  d o e s n o t  a p p r e c ia b ly  a t t e n u a t e  t h e  baax), The num ber o f  
r e a c t i o n s  p e r  s e c o n d , R, ma> b e  w r i t t e n  a s :
R =  I (n /m 2s )  [N C nucle i/m 1) ]  [a(m 2) ]  [ t ( n i) ]  [a(m 2) ]  ( 6 .7 )
The p a ra m e te r  0 ,  c a l l e d  t h e  c r o s s  s e c t i o n ,  has  th e  f o l lo w in g  m eaning :
o(m2) =  p r o b a b i l i t y  t h a t  an  i n t e r a c t i o n  w i l l  o c c u r  p e r  t a r g e t  
n u c le u s  p e r  n e u tro n  p e r  m h i t t i n g  t h e  t a r g e t
The u n i t  o f  0  i s  t h e  b a rn  ( b ) . 
1 b  = i u ' 24cai2 = 10"28m2
N e u tro n  c r o s s  s e c t i o n s  depend  s t r o n g ly  on th e  e n e rg y  of t h e  n e u t ro n  a s  
w e l l  a s  t h e  a to m ic  w e ig h t  and  num ber o f  t h e  t a r g e t  n u c le u s .  The c ro s s  
s e c t i o n  a ( b )  i s  c a l l e d  th e  m ic ro sc o p ic  c r o s s  s e c t i o n .  A no the r fo rm  o f  
c r o s s  s e c t i o n  f r e q u e n t ly  a p p l ie d  i s  t h e  m a cro sc o p ic  c ro s s  s e c t i o n  E(m 2) 
and  i s  a n a lo g o u s  t o  t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  o f  gamma r a y s .
6 .4 .3  TH E N EUTR ON  FLUX
n e c e s s a r y  t o  m od ify  E q . 6 . 7 .  Assume t h a t  a t  some p o in t  i n  sp a c e  th e  n e u ­
t r o n  d e n s i ty  i s  n ( n e u tr o n s /m 3) .  I f  a  t a r g e t  i s  p la c e d  a t  t h a t  p o i n t ,  th e  
i n t e r a c t i o n  r a t e  R ( r e a c t io n s / m ’ s )  w i l l  b e :
R = n f n e u tr o n s /m 1) [ v ( m / s ) ] [  E(m ^ ) |  ( 6 .8 )
The p r o d u c t  n v , r e p r e s e n t s  t h e  t o t a l  p a th le n g t h  t r a v e l l e d  p e r  se co n d  by 
a l l  t h e  n e u tro n s  i n  1 m \  and i s  c a l l e d  th e  n e u tro n  f l u x  $.
A no the r q u a n t i t y  r e l a t e d  t o  t h e  f lu x  and  u se d  in  r a d i a t i o n  e x p o su re  c a l ­
c u l a t i o n s  i s  t h e  n e u t ro n  f lu e n c e  F , d e f in e d  by
Energy Loss and Penetration of Radiation through Matter
F (n/ji)2) = I t
w here  t  i s  t h e  e x p o su re  tim e  to  f l u x  i.
6 .5  CO N CLU SIO N
T h is  c h a p te r  d is c u s s e d  e n e rg y  lo s s  and p e n e t r a t i o n  o f  r a d i a t i o n  i n  m a t t e r . 
I t  was: shown t h a t  c h a rg e d  p a r t i c l e s  h av e  a  f i n i t e  ra n g e  a a  I a r e  q u ic k ly  
a b so rb e d  by  t h e  m a te r i a l .  P h o to n s , how ever, h av e  o n ly  a  s t a t s t i c a l  p ro b ­
a b i l i t y  o f  a b s o r p t io n .  The p r o b a b i l i t y  depends on th e  p r o p e r t i e s  o f  th e  
m a t e r i a l . An im p o r ta n t  p r o p e r ty  a f f e c t i n g  a b s o r p t io n  i s  t h e  density o f  
t h e  m a t e r i a l .  By d e te r m in in g  th e  number o f  p h o to n s  a b so rb e d , a  m easu re  
o f  t h e  d e n s i t y  o f  t h e  m a te r ia l  c an  b e  o b ta in e d .  The d e n s i ty  o f  t h e  m a te ­
r i a l  i s  a l s o  im p o r ta n t  when b u i ld i n g  d e t e c t o r s . The h ig h e r  t h e  d e n s i ty  
o f  t h e  d e t e c t o r  m a t e r i a l , th e  more p h o to n s  w i l l  b e  a b so rb e d  and th e  h ig h e r  
t h e  d e t e c t io n  e f f i c i e n c y .
I n  o r d e r  t o  d e t e c t  t h e  num ber o f  p h o to n s  p a s s in g  th ro u g h  a  m a t e r i a l ,  and 
h e n ce  i n f e r  some o f  t h e  m a te r ia l  p r o p e r t i e s ,  a  d e t e c to r  i s  r e q u i r e d .  Two 
common d e t e c t o r  f a m i l i e s  a r e  d is c u s s e d  in  th e  f o l lo w in g  two c h a p t e r s .
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7 .0  G A S-FIL L E D  D E T EC T O R S
7 .1  INT R O D U C T IO N
I n  t h i s  s e c t i o n  th e  b a s i c  o p e r a t io n  o f  g a s - f i l l e d  d e t e c to r s  i s  o u t l i n e d .  
A lth o u g h , g a s - f i l l e d  d e t e c to r s  h a v e , u n t i l  now be en  th e  m a in s ta y  o f  n u ­
c l e a r  b a s e d  p r o c e s s  in s t r u m e n ta t i o n ,  th e y  a r e  b e in g  r e p la c e d  by  s c i n t i l ­
l a t i o n  d e t e c to r s .
G a s - f i l l e d  d e t e c to r s  can b e  e i t h e r  g a s - f i l l e d  o r  g a s - f lo w in g ,  how ever, 
o n ly  g a s - f i l l e d  d e t e c to r s  w i l l  b e  d is c u s s e d ,  a s  only t h e s e  a r e  u se d  i n  
p r o c e s s  in s tu m e n ta t i o n .
G a s - f i l l e d  A&tectoxs o p e r a te  by  u t i l i z i n g  th e  i o n i z a t i o n  p ro d u ce d  by  r a ­
d i a t i o n  a s  i t  p a s s e s  th ro u g h  a  g a s .  T y p ic a l l y ,  su c h  a d e t e c to r  c o n s i s t s  
o f  two e l e c t r o d e s  w i th  a c e r t a i n  p o t e n t i a l  a p p l ie d  a c r o s s  them . The sp a c e  
b e tw een  th e  e le c t r o d e s  i s  f i l l e d  w ith  a  g a s .  I o n iz i n g  r a d i a t i o n  p a s s in g  
th ro u g h  th e  g a s  g e n e r a te s  e l e c t r o n - i o n  p a i r s .  T hese  c h a rg e  c a r r i e r s  move 
u n d e r  t h e  in f lu e n c e  o f  t h e  e l e c t r i c  f i e l d ,  in d u c in g  a c u r r e n t  on th e  
e l e c t r o d e s  w hich  may b e  m e asu re d  ( F ig u r e  16 on  page  5 3 ) .
E i th e r  t h e  c u r r e n t  i s  m easured  d i r e c t l y ,  i n  w hich  c a se  t h e  d e t e c to r  i s  
c a l l e d  a c u r r e n t  o r  i n t e g r a t i n g  cham ber, o r  a l t e r n a t i v e l y ,  t h e  c h a rg e  may 
b e  t r a n s fo r m e d  i n t o  a p u ls e  by  i n s e r t i n g  a  r e s i s t o r  i n t o  th e  c i r c u i t .  
The v o l t a g e  p u ls e  d e v e lo p e d  a c r o s s  t h e  r e s i s t o r  i s  th e n  m easu red  and  am­
p l i f i e d .  I n  t h i s  c a s e  t h e  d e t e c t o r  i s  c e l l e d  a p u ls e  cham ber.
F o r  m ost g a s e s ,  t h e  a v e ra g e  e n e rg y  to  p ro d u c e  an e l e c t r o n - i r o n  p a i r  i s  
a b o u t 30 eV. I f  a  3 MeV a lp h a  o r  b e ta  p a r t i c l e  d e p o s i t s  i t s  e n e rg y  in  th e  
c o u n te r ,  i t  w i l l  p ro d u c e , on a v e ra g e
(3  M eV )/(30 eV) = 100 000 e l e c t r o n - i o n  p a i r s  [ T s c u lf a n id is ,1 9 S 3 J
A t y p i c a l  g a s - f i l l e d  d e t e c to r  h as  a c a p a c i ta n c e  o f  a b o u t 50 p p , and th e  
c h a rg e  w i l l  be c o l l e c t e d  i n  a tim e  o f  th e  o r d e r  o f  I n s .  I f  a l l  th e  c h a rg e  
i s  c o l l e c t e d ,  t h e  v o l ta g e  and c u r r e n t  e x p e c te d  a re  o f  t h e  o r d e r
V = Q/C -  (2 0 6x 1 .6 x 2 0 '19e / e 2 ) / ( S 0  pF) = 0 .5  mV 
i  =  Q / t  ~ (1 0 5x  1 .6 x l0 ‘ 19A )/1 0 ‘ 6 =  1 .6 x 10"8A
Gas-filled Detectors
E le c t r o n s  move t o  t h e  p o s i t i v e  p la c e  and io n s  t o  th e  n e g a t iv e  p l a t e  under 
t h e  samp f o rc e  F= Ee, w here  E = th e  e l e c t r i c  f i e l d  i n t e n s i t y .  The a c c e l ­
e r a t i o n ,  a=F/m , i s  now ever q u i t e  d i f f e r e n t  a s  t h e  io n  mass i s  a p p ro x i­
m a te ly  1000 tim e s  th e  e l e c t r o n  m a ss . Thus th e  tim e  to  c o l l e c t  th e  e l e c t r o n  
i s  a b o u t I t s  and th e  tim e  t o  c o l l e c t  th e  io n  a b o u t 1ms.
Ionization  current
G asato^Q E lectro f 
'C p  Ion
C ath o d e  j
C as volum e Operational voltage
F ig u re  16. A t y p i c a l  g a s - f i l l e d  d e t e c to r
7 .2  R E L A T IO N SH IP BETWEEN HIGH V O LTA G E AND CHARGE 
C O L LECTED
I f ,  i n  an e x p e r im e n t,  th e  HV a p p l ie d  t o  th e  c o u n te r  i s  s t e a d i l y  in c re a s e d ,  
t h e  c h a rg e  c o l l e c t e d  p e r  u n i t  lim e  ch an g es a s  shown in  F ig u re  17 on page 
5 4 , The c u rv e  i s  d iv id e d  i n to  5 r e g io n s . ( T s o u l f a n id i s ,1983)
REGION I
When th e  v o l ta g e  i s  v e ry  low , th e  e l e c t r i c  f i e l d  i s  w eak , e le c t r o n s  and 
io n s  move r e l a t i v e l y  s lo w ly ,  and have a c o n s id e r a b le  r e c o m b in a tio n  r a t e .  
As V in c r e a s e s ,  th e  f i e l d  becomes s t r o n g e r ,  t h e  c a r r i e r s  move f a s t e r  and 
th e  r e c o m b in a tio n  r a t e  d e c r e a s e s  u n t i l  i t  becom es z e r o .  T hen , a l l  th e
Gas-filled Dutectors
iF ig u re  17. The r e l a t i o n s h i p  t
L i s  b e in g  c o l l e c t e d  ( t - V ^ j . Region I  i s  i
I n  r e g io n  H ,  th e  c h a rg e  c o l l e c t e d  i 
v o l ta g e  b o c au se  th e  r e c o m b in a tio n  
p ro d u ce d . Ko c h a rg e  m u l t i p l i c a t i o n  
p r o p o r t i o n a l  t o  th e  e n e rg y  
u rem en t o f  p a r t i c l e  e n e rg y  
w i l l  p ro d u c e  s m a ll o u tp u t  
f o r  p a r z l c l a  i d e n t i f  
and i s  th e  r e g io n  ir  
m e asu rem en t, i s  opm
a s  pla<
i n  t h e  d e t e c to r ;
C o n v e rs ly , 1 
g n a ls ,  Thus i o n i z a t io n  c o u n te r s  can b e  usee 
T h is  r e g io n  i s  c a l l e d  th e  i o n i z a t io n  r e g io i  
th e  i o n i z a t io n  cham ber, u se d  f o r  d e n s i ty  
The a p p l ie d  v o l ta g e  i s  u s u a l ly  l e s s  th a n  i K
In  t h i s  r e g io n ,  t h e  c o l l e c t e d  c h a rg e  s t a r t s  i n c r e a s in g  b e ca u se  th e
c a t io n .  The e l e c t r i c  f i e l d  i s  so  s t r o n g ,  in  a c e r t a i n  f r a c t i o n  o f  th e
tw een  c o l l i s i o n s  to  p ro d u c e  a d d i t i o n a l  i o n i z a t io n .  The g as m u l t i p l i c a t i o n  
f a c t o r  ( i . e .  th e  r a t i o  o f  th e  t o t a l  i o n i s a t i o n  d iv id e d  by th e  p r im a ry
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io n i z a t io n )  i s  f o r  a  g iv e n  v o l ta g e ,  in d e p e n d a n t o f  t h e  p r im a ry  i o n i z a t i o n .  
The c o u n te r  o u tp u t  i s  th u s  p r o p o r t i o n a l  t o  t h e  e n e rg y  d i s s i p a t e d  in  th e  
c o u n te r ;  t h e r e f o r e  p a r t i c l e  i d e n t i f i c a t i o n  and e n e rg y  m easurem ent i s  
p o s s i b l e .  The h ig h e r  t h e  e n e rg y  o f  t h e  p a r t i c l e  th e  h ig h e r  t h e  o u tp u t  
s i g n a l .  T h is  r e g io n  i s  c a l l e d  t h e  p r o p o r t i o n a l  r e g io n ,  b u t  i s  n o t  im por­
t a n t  i n  p r o c e s s  i n s t r u m e n ta t io n .  P r o p o r t io n a l  c o u n te r s  may b e  u s e d  f o r  
t h e  d e t e c t i o n  o f  any c h a rg e d  s i g n a l .  The a p p l ie d  v o l ta g e  r a n g e s  b e tw een  
800 and 2000 V.
REGION IV
In  t h i s  r e g io n ,  t h e  e l e c t r i c  f i e l d  i n  th e  c o u n te r  i s  s o  s t r o n g  t h a t  a 
s i n g l e  e l e c t r o n - i o n  p a i r  g e n e r a te d  i n  t h e  cham ber i s  enough  t o  i n i t i a t e  
an a v a la n c h e  o f  e l e c t r o n - i o n  p a i r s .  T h is  a v a la n c h e  w i l l  p ro d u c e  a s t r o n g  
s ig n a l  w i th  s h a p e  and h e ig h t  in d e p e n d a n t o f  th e  p r im a ry  io n i z a t io n  and 
th e  ty p e  o f  t h e  p a r t i c l e .  R eg ion  IV i s  c e l l e d  th e  G e ig e /-M u lle r  (GM) r e ­
g io n .  D e te c to r s  o p e r a t in g  in  t h i s  r e g io n  a r e  c a l l e d  G e ig e r -M u l le r  c o u n t­
e r s  and a r e  u se d  f o r  d e t e c t io n  o f  r a d i a t i o n  th u s  m aking them  i d e a l  f o r  
point l e v e l  m easu rem en t. The a d v an ta g e  o f  GM c o u n te r s  i s  t h a t  t h e i r  
s i g n a l  i s  s o  s t r o n g  t h a t  a  p r e a m p l i f i e r  i s  n o t  n e e d e d . A d is a d v a n ta g e  i s  
t h e i r  r e l a t i v e l y  lo n g  de ad  tim e  (200 t o  3 0 0 y s ) .  The a p p l ie d  v o l ta g e  ra n g e s  
b e tw een  1000 t o  3000 V.
REGION V
I f  t h e  a p p l ie d  v o l ta g e  i s  r a i s e d  beyond  th e  v a lu e  V^y, a s in g l e  i o n iz in g  
e v e n t  i n i a t e s  a c o n tin o u s  d is c h a r g e  i n  t h e  g as and th e  d e v ic e  i s  n o t  a 
c o u n te r  anym ore . A com m erc ia l c o u n te r  o p e r a t in g  i n  t h i s  r e g io n  w i l l  
p r o b a b ly  b e  d e s tr o y e d .
In  o p e r a t io n  a s  a d e t e c t o r  i n  a d e n s i t y  gauge th e  g a s - f i l l e d  d e t e c to r  m ust 
o p e r a te  i n  e i t h e r  r e g io n  I I  o r  i n  r e g io n  IV . O p e ra t io n  i n  r e g io n  I I  i s  
how ever p r e f e r a b l e ,  a s  t h e  lo n g  de ad  Limes c h a r a c t e r i s t i c  o f  r e g io n  IV 
w i l l  le a d  t o  many p h o to n s  n o t  b e in g  d e t e c t e d .  O p e ra t io n  in  r e g io n  IV i s  
p r e f e r a b l e  f o r  o n /o f f  ty p e  m easu rem en ts  i . e .  i n  d e te r m in in g  i f  r a d i a t i o n  
is p r e s e n t  o r  n o t .
7 .3  D IF FE R E N T  T Y PE S O F G A S-FIL L E D  C O U N T ER S
7 .3 .1  C O N ST R U C T IO N
Gas c o u n te r s  may be c o n s t r u c te d  i n  any  o f  th r e e  b a s i c  g e o m e tr ie s  
[ T s o u l f a n id i s ,1 9 8 3 ] : p a r a l l e l  p l a t e ,  c y l i n d r i c a l  o r  s p h e r i c a l .  I n  a 
p a r a l l e l - p l a t e  cham ber th e  e l e c t r i c  f i e l d  i s  u n ifo rm , w ith  s t r e n g th  e q u a l
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w here  d i s  t h e  p l a t e  s e p a r a t i o n .
I n  t h e  c y l i n d r i c a l  cham ber, t h e  v o l ta g e  i s  a p p l ie d  t o  a v e ry  t h i n  w ir e ,  
s t r e t c h e d  a x i a l l y  a t  t h e  c e n t r e  o f  t h e  c y l in d e r .  The c y l in d e r  w a l l  i s  
u s u a l ly  g ro u n d ed . The e l e c t r i c  f i e l d  i n  t h i s  c a s e  i s :
E ( r )  =  V o / v ln ( b / a ) . r )
a  =  c e n t r a l  w ire  r a d iu s  
b  = c o u n te r  r a d iu s
r  = d i s t a v - e  from  th e  c e n t r e  o f  th o  c o u n te r
T h u s , v e ry  s t r o n g  f i e l d s  c an  b e  m a in ta in e d  in s i d e  a c y l i n d r i c a l  'c o u n te r  
c lo s e  t o  t h e  c e n t r a l  w i r e .  T h is  i s  th e  u s u a l  c o n s t r u c t io n  f o r  g a s - f i l l e d  
d e t e c to r s .
In  a  s p h e r i c a l  c o u n te r , the. v o l ta g e  i s  appJUed to  a s m a ll s p h e re  l o c a te d  
a t  t h e  c e n t r e  o f  th e  c o u n te r . The c o u n te r  w a l l  i s  u s u a l ly  g ro u n d ed . The 
e l e c t r i c  f i e l d  i s :
E ( r )  = V o ra b /( (b  - a ) r s )
w here  a ,  b  and r  h a v e  th e  same m eaning  a s  i n  t h e  c y l i n d r i c a l  c a s e .  S tro n g  
f i e l d s  may b e  p ro d u c e d  in  th e  s p h e r i c a l  c o u n te r  b u t  t h i s  g eom etry  i s  n o t 
f a v o u re d  b e c a u se  o f  c o n s t r u c t io n  d i f f i c u l t i e s .
A c o u n te r  f i l l e d  w i th  a gas  a t  a  c e r t a i n  p r e s s u r e  may o p e ra te  i n  any o f  
t h e  r e g io n s  d is c u s s e d  p r e v io u s ly ,  d e p en d in g  on  th e  f o l lo w in g  p a ra m e te r s :
1 . C o u n te r  s i z e .
2 . S i z e  o f  w ire  i n  c y l i n d r i c a l  c o u n te r s .
3 . Gas ty p e .
4 . Gas p r e s s u r e .
5 . L ev e l of high v o l ta g e .
N orm ally  g a s  c o u n te r s  a r e  m a n u fa c tu re d  t o  o p e ra te  in  one r e g io n  o r ’y . 
The m a n u fa c tu re r  h a s  s e l e c t e d  a c o m b in a t io n  o f  th e  above v a r i a b l e s  t h a t  
r e s u l t s  i n  a i o n i z a t i o n ,  p r o p o r t i o n a l  o r  GM c o u n te r .  I t  i s  now adays u s u a l  
f o r  m a n u fa c tu re rs  o f  p r o c e s s  in s t r u m e n ta t io n  to  in c lu d e  th e  h ig h  v o lta g e  
su p p ly  i n  th e  d e t e c t o r  c a s in g  and it is th u s  n o t  v a r i a b l e  a s  w ould b e  th e  
c a s e  f o r  c o u n te r s  f o r  g e n e r a l  u se .
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7 .3 .2  ION R A T IO N  CHAMBERS
I o n iz a t io n  cham bers a r e  u se d  in  p r o c e s s  i n s t r u m e n ta t io n  t o  c o u n t th e  
num ber o f  p a r t i c l e s  r e a c h in g  th e  d e t e c t o r .  From a  know ledge o f  th e  so u rc e  
s t r e n g th  t h e  d e n s i ty  o f  th e  m a te r i a l  c an  th e n  b e  o b ta in e d . A lth o u g h  i t  
i s  p o s s ib l e  t o  o b t a in  th e  e n e rg y  o f  t h e  p a r t i c l e s  u s in g  a  i o n i z a t io n  
cham ber, f o r  d e n s i ty  m easurem ent one  i s  o n ly  i n t e r e s t e d  i n  t h e  num ber o f  
p a r t i c l e s  r e a c h in g  th e  d e t e c to r .
The i o n i z a t io n  cham ber may b e  u se d  to  p ro d u c e  e i t h e r  p u ls e s  o r  c u r r e n t .  
To p ro d u c e  a p u l s e  a  r e s i s t a n c e  i s  c o n n e c te d  a c r o s s  t h e  cham ber w hich 
form s a c a p a c i to r .  The e l e c t r o n - i o n  p a i r s  c r e a t e d  by  th e  i o n i z a t i o n  o f  
th e  g a s , p ro d u c e  a  s m a ll  t im e - v a r y in g  v o l t a g e  su p e rim p o sed  on th e  HV o f  
th e  a p p l ie d  f i e l d .  H ow ever, b e c a u se  o f  t h e  low  d r i f t  v e lo c i t y  o f  th e  i o n s ,  
th e  le n g th  o f  t h e  p e r io d  o f  t h e  r e s u l t i n g  p u l s e ,  ( o f  th e  o r d e r  o f  ms) can  
r e s u l t  in  incom ing  p h o to n s  n o t  b e in g  d e t e c t e d .  T h u s , t o  e n su re  d i s c r i m i ­
n a t io n  be tw ee n  v a r io u s  p a r t i c l e s ,  t h e  p u ls e  p e r io d  i s  t r u n c a t e d  v i a  a RC 
c i r c u i t  a f t e r  a  tim e  e q u a l  t o  t h e  tim e  i t  t a k e s  an  e l e c t r o n  to  r e a c h  th e  
anode ( o f  t h e  o r d e r  o f  p s ) . 1 s o u l f a n i d i s [ 1983] g iv e s  c a l c u l a t i o n s  o f  p u ls e  
fo rm a tio n  f o r  a p a r a l l e l  p l a t e  goonaziy w h ile  F ra n z e n  and C och ran}1 9 6 2 ], 
and K o w alsk i[1 9 7 0 ] g iv e  d e t a i l e d  c a l c u l a t i o n s  o f  th e  p u ls e  sh a p e s  f o r  th e  
t h r e e  g e o m e tr ie s  o f  g a s - f i l l e d  c h am b e rs .
An io n i z a t io n  cham ber o f  th e  c u r r e n t  ty p e  m e asu re s t h e  a v e ra g e  i o n i z a t io n  
pro d u ce d  by incom ing  p a r t i c l e s .  T h is  i s  a c h ie v e d  by m e asu r in g  d i r e c t l y  
th e  c u r r e n t  g e n e r a te d  in  t h e  cham ber. The p r o p e r  o p e r a t in g  v o l ta g e  o f  a 
c u r r e n t  i o n i z a t io n  cham ber i s  t h a t  f o r  w h ich  a l l  th e  i o n i z a t io n  p ro d u ce d  
by th e  incom ing  r a d i a t i o n  i s  m e asu re d . I f  t h i s  i s  th e  c a s e ,  a  s l i g h t  i n ­
c r e a s e  in  t h e  v o l ta g e  w i l l  h av e  a n e g l i g i b l e  e f f e c t  on th e  c u r r e n t . T h is  
v o l ta g e  i s  c a l l e d  t h e  s a t u r a t i o n  v o lta g e  and th e  c o rre s p o n d in g  c u r r e n t ,  
t h e  s a t u r a t i o n  c u r r e n t .  The v a lu e  o f  t h e  s a t u r a t i o n  c u r r e n t  dep en d s on 
th e  i n t e n s i t y  and th e  ty p e  o f  s o u r c e .
I t  sh o u ld  b e  n o te d  t h a t  th e  i o n i z a t io n  cham ber h a s  an  i n h e r e n t  RC tim e  
c o n s t a n t .  F o r  t h e  p u ls e  cham ber th e  C c o rre sp o n d s  t o  t h e  cham ber and  th e  
R to t h e  r e s i s t o r  c o n n e c te d  a c r o s s  th e  cham ber. F o r  th e  c u r r e n t  ty p e  
cham ber t h e  R r e s u l t s  from  th e  in p u t  r e s i s t a n c e  o f  th e  m e asu r in g  i n s t r u ­
m ent o r  a m p l i f i e r .  T hus th e  i o n i z a t io n  cham ber h as  a l im i t e d  r e sp o n se
The a d v a n ta g e s  o f  t h e  i o n i z a t io n  cham ber a r e  i t s :
1 . M ech an ica l s t a b i l i t y
2 . S im p lic ty  i n  c o n s t r u c t io n  and
3 . H igh r e l i a b i l i t y .
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The d is a d v a n ta g e s  o f  th e  i o n i z a t io n  cham ber a re :
1 . The d e t e c t io n  e f f i c i e n c y  ( i . e  t h e  r a t i o  o f  incom ing  p h o to n s  d e te c te d
t o  t h e  t o t a l  num ber o f  incom ing  p h o to n s )  i s  low  (a b o u t 1%). C onse­
q u e n tly  l a r g e  r a d i a t i o n  so u rc e s  h av e  t o  em ployed w hich  a u to m a t ic a l ly  
i n c r e a s e s  t h e  h e a l t h  h a z a rd .  The d e t e c t io n  e f f i c i e n c y  c an  be r a i s e d
by  in c r e a s in g  th e  g a s  p r e s s u r e  (h en c e  i t s  d e n s i ty )  o r  a d d in g  e x t r a
c a p a c i to r  p l a t e s . Both a l t e r n a t i v e s  how ever i n c r e a s e  th e  p r i c e  o f  
t h e  cham ber c o n s id e r a b ly .  A no the r c o n seq u e n ce  o f  th e  low d e t e c t io n  
e f f i c i e n c y  i s  th e  n e c e s s i t y  o f  a w ide  r a d i a t i o n  beam i n  o r d e r  to  d e ­
t e c t  a s  many gamma q u a n ta  as p o s s ib l e .
2 . The io n i z a t i o n  cham ber does n o t  d i s c r im in a t e  be tw ee n  ty p e s  o f  r a d i ­
a t i o n ,  and  i s  t h e r e f o r e  s e n s i t i v e  t o  b a ck ro u n d  r a d i a t i o n ,  w h ich  can  
be a l l e v i a t e d  by c a r e f u l  and e f f i c i e n t  s c re e n in g .
3 . The io n  c u r r e n t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  g as p r e s s u r e  w hich 
i s  te m p e r a tu re  d e p e n d a n t.  The h ig h  ohm ic r e s i s t o r s  r e q u i r e d  a s  a  r e ­
s u l t  o f  th e  low i o n i z a t i o n  c u r r e n t s  ( i n  t h e  picoam p r a n g e )  a r e  a l s o  
h ig h ly  te m p e r a tu re  d e p e n d a n t. C o n se q u e n tly  t o  m a in ta in  a c c u ra c y  i t  
i s  o f t e n  n e c e s s a r y  t o  m ount th e  cham ber a n d /o r  t h e  r e s i s t o r  i n  a 
te m p e r a tu re  c o n t r o l l e d  o ven .
7 .3 .3  G EIG ER-M U LLER (GM) C O U N T ER S
7 .3 .3 .1  O p e r a t io n  a n d  Q u e n c h in g  o f  t h e  D is c h a r g e
The GM c o u n te r  i s  u s u a l ly  c y l i n d r i c a l  i n  sh a p e . The e l e c t r i c  f i e l d  c lo s e  
t o  th e  v e ry  t h i n  c e n t r a l  w ir e  i s  so  s t r o n g  t h a t  th e  g a s  m u l t i p l i c a t i o n  
f a c t o r  M i s  e x tre m e ly  h ig h ,  I n  a  GM c o u n te r ,  a  s i n g l e  p r im a ry  e l e c t r o n - io n  
p a i r  t r i g g e r s  a g r e a t  number o f  s u c c e s s iv e  a v a la n c h e s . T h e re fo re  th e  
o u tp u t  s i g n a l  i s  in d e p e n d a n t o f  th e  p r im a ry  io n i z a t io n .
The o p e r a t io n  o f  th e  GM c o u n u r  i s  a s  f o l lo w s .  When th e  e le c t r o n s  a re  
a c c e l e r a t e d  i n  th e  s t r o n g  f i e l d  m o u n d in g  th e  w ir e ,  th e y  p ro d u c e , i n  
a d d i t io n  t o  a  new a v a la n c h e  o f  ■’ . r o n s ,  c o n s id e r a b le  e x c i t a t i o n  o f  th e  
a tom s and m o le c u le s  o f  th e  g a s .  T hese  e x c i t e d  a tom s nnd m o le c u le s  p ro d u ce  
p h o to n s  when th e y  d e e x c i t e .  The p h o to n s , in  t u r n ,  p ro d u c e  p h o to e le c t r o n s  
i n  o th e r  p a r t s  o f  t h e  c o u n te r , T hu:., th e  a v a la n c h e , w h ich  was o r i g i n a l l y  
lo c a te d  c lo s e  t o  th e  w ir e ,  sp re a d s  u ic k ly  t o  t h e  c o u n te r  vo lum e. D u rin g  
a l l  t h i s  ! imp th e  e l e c t r o n s  a r e  com  .n u o u s ly  c o l l e c t e d  by th e  anode w ir e ,  
w h ile  th e  much s lo w e r  m oving p o s i t i v e  io n s  a r e  s t i l l  in  th e  c o u n te r  and 
form  a p o s i t i v e  s h e a th  a to u n d  th e  a n o d e. When th e  e le c t r o n s  have  be en  
c o l l e c t e d ,  t h i s  p o s i t i v e  s h e a th ,  a c t i n g  a s  an e l e c t r o s t a t i c  s c r e e n ,  r e ­
d u ces th e  f i e l d  t o  su c h  an e x te n t  t h a t  th e  d is c h a r g e  sh o u ld  s t o p . H ow ever, 
t h i s  i s  n o t  t h e  c a s e  b e c a u se  t h e  p o s i t i v e  io n s  e j e c t  e l e c t r o n s  when th e y  
s t r i k e  th e  c a th o d e , and s in c e  by t h a t  tim e  th e  f i e l d  h a s  be en  r e s t o r e d  
t o  i t s  o r i g i n a l  h ig h  v a lu e ,  a new a v a la n c h e  s t a r t s  and th e  p r o c e s s  j u s t  
d e s c r ib e d  i s  r e p e a te d .  C le a r ly  some means i s  ne ed e d  by w hich th e  d is c h a r g e  
i s  p e rm a n e n tly  s to p p e d  o r  "q u e n c h e d " . T h ere  are. tw o m ethods o f  q u e n ch in g  
t h e  d is c h a r g e .
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I n  e x t e r n a l  q u e n c h in g , th e  o p e r a t in g  v o l ta g e  o f  th e  c o u n te r  i s  d e c re a s e d  
a f t e r  th e  s t a r t  o f  t h e  d is c h a r g e  u n t i l  t h e  io n s  re a c h  th e  c a th o d e , to  a 
v a lu e  f o r  w h ich  th e -g a s  m u l t i p l i c a t i o n  f a c t o r  i s  n e g l i g i b l e .  The d e c r e a s e  
is a c h ie v e d  by a p r o p e r ly  chosen  RC c i r c u i t  a s  shown i n  F ig u re  18. The 
r e s i s t a n c e  R i s  so  h ig h  t h a t  th e  v o l ta g e  d ro p  a c r o s s  i t  due  to  th e  c u r r e n t  
g e n e r a te d  by th e  d is c h a r g e  ( i ^ )  re d u c e s  th e  v o l ta g e  o f  t h e  c o u n te r  below  
th e  t h r e s h o ld  needed  f o r  th e  d is c h a r g e  t o  s t a r t .  The n e t  v o l ta g e  i s  
Vo -  i jR .  The tim e  c o n s ta n t  RC, w here  C r e p r e s e n t s  th e  c a p a c i ta n c e  betw een  
anode and  c a th o d e , i s  much lo n g e r  th a n  th e  tim e  needed  f o r  th e  c o l l e c t i o n  
o f  i o n s .  As a  r e s u l t ,  th e  c o u n te r  i s  in o p e r a t iv e  f o r  an u n a c c e p ta b ly  lo n g  
p e r io d  o f  t im e ,  i . e .  th e  de ad  tim e  i s  to o  lo n g .
F ig u re  18. E x te rn a l  q u e n ch in g  c i r c u i t  f o r  GM c o u n te r
The s e l f -  '.c b in g  m ethod i s  a cc o m p lish e d  by a d d in g  to  the. m ain gas o f
th e  coun’ 11 s m a ll amount o f  a p o ly a to m ic  o r g a n ic  gas  o r  a h a lo g e n  g a s .
The o rg a n i ;a s  m o le c u le s ,  when ionized, lo s e  t h e i r  e n e rg y  by d i s s o c i a t i o n
r a t h e r  th a n  by p h o t o e l e c t r i c  p r o c e s s e s .  T hus, t h e  number o f  
p h o to e le c t r o n s  i s  g r e a t ly  r e d u c e d , In  a d d i t io n  t o  t h a t ,  when th e  o r g a n ic  
io n s  s t r i k e  th e  s u r f a c e  o f  th e  c a th o d e , th e y  d i s s o c i a t e  in s t e a d  o f  c a u s in g  
th e  e j e c t i o n  o f  new io n s .  T h e r e fo r e ,  nuw a v a la n c h e s  do n o t  s t a r t .
6M c o u n te r s  u s in g  an in o r g a n ic  g as  a q u e n ch in g  a g e n t have  a  f i n i t e  
l i f e t i m e  b e c a u se  o f  th e  d i s s o c i a t i o n  ; o r g a n ic  m o le c u le s ,  U s u a l ly ,  th e  
GX c o u n te r s  l a s t  f o r  a 1^" t o  10* c o u :" ... The l i f e t i m e  c an  b e  c o n s id e r a b ly  
in c re a s e d  i f  a  h a lo g e n  gas i s  u se d  • a q u e n ch in g  a g e n t ,  The h a lo g e n  
m o le c u le s  a l s o  d i s s o c i a t e  b u t  t h e r e  •• • c e r t a i n  d e g re e  o f  r e g e n e r a t io n  
o f  th e  m o le c u le s  w hich  g r e a t ly  e x te i  r,v l i f e t im e .
Gas-filled Detectors
7 . 3 . 3 . 2  T h e  P u ls e  S h a p e  a n d  th e  D ead  T im e o f  a GM C o u n te r
F o r  GM c o u n te r s  t h e  o u tp u t  s i g n a l  i s  a  r e s u l t  o f  t h e  sum o f  a l l  th e  con ­
t r i b u t i o n s  from  a l l  t h e  p o s i t i v e  io n  a v a la n c h e s  p ro d u ce d  th ro u g h o u t  th e  
volum e o f  t h e  c o u n te r . The p u ls e  how ever r i s e s  v e ry  s lo w ly . The sh a p e  and 
h e ig h t  o f  GM c o u n te r  p u l s e s  a r e  n o t  v e ry  im p o r ta n t  b e c a u se  t h e  p u ls e  i s  
o n ly  u se d  to  s i g n a l  t h e  p r e s e n c e  o f  th e  p a i i c l e  and n o th in g  e l s e .  How­
e v e r ,  how one  p u ls e  e f f e c t s  t h e  fo rm a tio n  o f  a n o th e r  i s  im p o r ta n t .
D u rin g  th e  f o rm a tio n  o f  a p u ls e  th e  e l e c t r i c  f i e l d  i n  th e  c o u n te r  i s  
g r e a t l y  red u c ed  b e c a u se  o f  th e  p r e s e n c e  o f  p o s i t i v e  io n s  a ro u n d  th e  an o d e . 
I f  a  p a r t i c l e  a r r i v e s  d u r in g  t h a t  p e r io d ,  no p u ls e  w i l l  b e  form ed b e ca u se  
th e  c o u n te r  is insensitive. The i n s e n s i t i v i t y  l a s t s  f o r  a tim e  c a l l e d  th e  
dead  tim e  o f  th e  c o u n te r .  Then th e  d e t e c to r  s lo w ly  r e c o v e r s  w ith  t h e  p u ls e  
h e ig h t  g row ing  e x p o n e n t ia l ly  d u r in g  th e  r e c o v e r y  p e r io d .  T h is  i s  i l l u s ­
t r a t e d  i n  F ig u re  19 on p a g e  61 w hich  shows th e  change o f  v o l ta g e  and  p u ls e  
f o r  a t y p i c a l  GM c o u n te r .  T y p ic a l  v a lu e s  o f  dead  tim e  a r e  from  100 to  
300 jis . I f  th e  de ad  tim e  i s  lOOus and th e  c o u n tin g  r a t e  i s  500 c o im ts / s ,  
t h e r e  i s  g o in g  t o  b e  a  5% l o s s  o f  c o u n ts  due  t o  de ad  tim e .
B ecause  o f  th e  de ad  t im e ,  GM c o u n te r s  a re  u se d  a s  c o m p a ra to rs  i n  l e v e l  
s w i tc h e s ,  i . e .  th e y  a r e  o n ly  u se d  to  i n d i c a t e  t h e  p r e s e n c e  o f  r a d i a t i o n .  
GM c o u n te r s  a r e  n o t  em ployed f o r  c o u n tin g  p u rp o se s  in  p r o c e s s  in s tru m e n -
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7 .4  CO NCLUSION
-n o r d e r  t o  p e rfo rm  any s o r t  o f  m easurem ent o f  n u c le a r  r a d i a t i o n  a  d e - 
r .e c to r  is r n q u i r s d .  T h is  c h a p te r  d is c u s s e d  g a s - f i l l e d  d e t e c to r s .  Two 
ty p e s  o f  g a s - f i l l e d  d e t e c to r s  a re  a v a i l a b l e :  th e  G e.iger-M uller c o u n te r  
and th e  le n in a z t io n  chnmbtir.
The GM c o u n te r  h as  a long  dead  tim e  and i s  th u s  in a p p ro p ia te  i n  a c c u ra te  
c o u n tin g  a p p l ic a t io n s . .  GM countcxrr a re  a p p l ie d  to  s i t u a t i o n s  such  a s  le v e l  
m easu rem en t, w here  i t  i s  o n ly  n e c e s s a r y  t o  d e te c t  th e  a b sen c e  o r  p re se n c e  
o f  r a d i a t i o n .  When th e  m a te r ia l  in  th e  bu n k e r i s  below  th e  l e v e l  o f  th e  
m e asu rin g  p a th ,  a  h ig h  amount o f  r a d i a t i o n  t i l l  re a c h  th e  d e t e c to r  and a 
h ig h  c o u n t r a t e  w i l l  b e  d e te c te d ,  When th e  m a te r ia l  r e a c h e s  t h e  m e asu rin g  
l e v e l ,  th e  r a d i a t i o n  bflam h 'i l l  be s t r o n g ly  a t te n u a te d  and a  much low er 
c o u n t r a t e  w i l l  r e s u l t ,  I t  i s  u s u a l  f o r  m a n u fa c tu re rs  t o  In c lu d e  th e  
c i s c r im i n s t io n  lo g ic  i n to  th e  d e t e c to r  h o u s in g  and o n ly  t o  p ro v id e  a 
s in g l e  b in a ry  o u tp u t .  G e ig e r -X u ll e r  d e t e c t o r s  s r e  th u s  n o t  s u i t a b l e  f o r  
s l u r r y  d e n s i ty  m easu rem en t.
is>-filled Detectors
i
The io n i z a t io n  cham ber h a s  b e e n  t h e  p red o m in an t d e t e c to r  i n  i n d u s t r i a l  
a p p l i c a t i o n s  b u t  i s  g r a d u a l ly  b e e n  s u p e rs e d e d  by  th e  s c i n t i l l a t i o n  
c o u n te r .  I t s  m air 'd v a n tta g e s  a r e  its s i m p l i c i t y  and r e l i a b i l i t y .  H ow ever, 
b e c a u s e  i t  i s  b  ised  on a g a s ,  w h ich  h a s  a low d e n s i ty ,  i t  h a s  a  low e f ­
f i c i e n c y  ( t y p i c a l l y  1%). T h is  r e s u l t s  i n  a  much l a r g e r  s o u rc e  t h a n  w ould 
b e  r e q u i r e d  f o r  f more e f f i c i e n t  d e t e c t o r .  I n  o r d e r  t o  c om pensa te  f o r  th e  
low e f f i c i e n c y  a.id r a i s e  t h e  number o f  p h o to n s  r e a c h in g  th e  d e t e c to r  a 
d iv e r g e n t  r a d i a t i o n  beam i s  u s e d . T h is  compounds t h e  in c r e a s e d  h e a l th  
h a z a rd  a l r e a d y  p r e s e n te d  by  th e  l a r g e r  s o u r c e .
The o th e r  f a m i ly  o f  d e t e c to r s  s u i t a b l e  f o r  s l u r r y  d e n s i ty  m easurem ent a r e  
s c i n t i l l a t o r  b a s e d  d e t e c t o r s .  T hese  a r e  d is c u s s e d  i n  t h e  f o l lo w in g  ch ap -
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8 .0  S C IN T IL L A T IO N  D E T EC T O R S
8 .1  INT R O D U C T IO N
S c i n t i l l a t o r s  a t e  m a te r i a l s  - s o l i d s , l i q u i d s , g a s e s -  t h a t  p ro d u c e  sp a rk s  
o r  s c i n t i l l a t i o n s  o f  l i g h t  when io n i z in g  r a d i a t i o n  p a s s e s  th ro u g h  them . 
The f i r s t  s o l i d  m a te r i a l  t o  be u se d  as a  p a r t i c l e  d e t e c to r  was a 
s c i n t i l l a t o r .  I t  was u se d  by  R u th e r f o r d , i n  1910 , i n  h i s  a lp h a  s c a t t e r i n g  
e x p e r im e n ts .  I n  h i s  s e tu p ,  a lp h a  p a r t i c l e s  h i t  a  z in c  s u lp h id e  s c re e n ,  
w h ich  w ere  c o u n te d  w i th  t h e  a id  o f  a m ic ro sc o p e . Thus was a  v e ry  i n e f f i ­
c i e n t ,  in a c c u r a t e  and  tim e  consum ing  p r o c e s s ,  w h ich  r e s u l t e d  i n  t h e  m ethod 
b e in g  abandoned  f o r  a b o u t 30 y e a r s . I t  was renew ed when th e  a d v e n t o f  
e l e c t r o n i c s  made p o s s ib l e  a m p l i f i c a t i o n  o f  t h e  l ig h t  reduced  in  th e  
s c i n t i l l a t o r .  D e s p i te  t h i s ,  and d e s p i t e  t h e i r  a d v a n ta g e  o v e r  i o n i z a t io n  
•cham bers , (40% v e rs u s  1% t y p i c a l  c o n v e rs io n  e f f i c i e n c y  and i n s e n s i t i v i t y  
t o  b a ck ro u n d  r a d i a t i o n ) ,  i t  was o n ly  r e c e n t l y  t h a t  th e y  becam e r o b u s t  and 
r e l i a b l e  enough  to  b e  em ployed in  an  i n d u s t r i a l  e n v iro o e n t .  
[ S p r in g e r ,1979]
The amount o f  l i g h t  p ro d u ce d  in  Che s c i n t i l l a t o r  i s  v e ry  s m a l l .  I t  m ust 
b e  a m p l i f ie d  b e f o r e  i t  c an  b e  r e c o rd e d  a s  a  p u ls e  o r  i n  any o th e r  way. 
The a m p l i f i c a t i o n  o r  m u l t i p l i c a t i o n  o f  t h e  s c i n t i l l a t o r ' s  l i g h t  i s  
a c h ie v e d  w ith  a d e v ic e  known a s  a p h o to m u l t i p l i e r  tu b e  ( o r  p h o to tu b e ) .  
I t s  name d e n o te s  i t s  f u n c t i o n :  i t  a c c e p ts  a  s m a ll am ount o f  l i g h t ,  am­
p l i f i e s  i t  many tim e s  and d e l i v e r s  a s t r o n g  p u l s e  a t  t h e  o u tp u t .  A m pli­
f i c a t i o n s  o f  t h e  o r d e r  o f  10s a re  common.
The o p e r a t io n  o f  t h e  s c i n t i l l a t i o n  c o u n te r  may b e  d iv id e d  i n t o  tw o b ro ad
1 . A b so rp tio n  o f  i n c id e n t  r a d i a t i o n  e n e rg y  by t h e  s c i n t i l l a t o r  and  p r o ­
d u c t io n  o f  p h o to n s  i n  th e  v i s i b l e  p a r t  o f  th e  e le c t r o m a g n e t ic  s p e c -
2 . A m p lif ic a t io n  o f  t h e  l i g h t  by th e  p h o to m u l t i p l i e r  tu b e  and p r o d u c tio n  
o f  t h e  o u tp u t  p u ls e .
The d i f f e r e n t  .y p e s  o f  s c i n t i l l a t o r s  may b e  d iv id e d  i n t o  t h r e e  g roups 
[ T s o u l f a n i d i s , 1983]:
1. I n o rg a n ic  s c i n t i l l a t o r s
2 . O rg a n ic  s c i n t i l l a t o r s
3 . G aseous s c i n t i l l a t o r s
However o n ly  in o r g a n ic  s c i n t i l l a t o r s  ( c r y s t a l  s c i n t i l l a t o r s )  a re  u se d  f o r  
d e t e c to r s  i n  i n d u s t r i a l  in s t ru m e n ts  and o n ly  t h e s e  w i l l  b e  d is c u s s e d .
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8 .2  INO R GA N IC (C R Y S T A L ) SC IN T IL L A T O R S
M ost o f  t h e  in o r g a n ic  s c i n t i l l a t o r s  a r e  c r y s t a l s  o f  t h e  a l k a l i  i o d id e s , 
t h a t  c o n ta in  a s m a ll c o n c e n t r a t io n  o f  an im p u r r .y .  Exam ples a t e  N a l ( T l ) , 
C s I ( T l ) ,  C al (N a ) .. L i l( E u )  and CaP2 (E u ) . The e lem e n t i n  p a re n th e s e s  i s  th e  
im p u r i ty  o r  a c t i v a t o r .  A lthough  th e  a c t i v a t o r  h a s  a  r e l a t i v l y  s m a ll c o n ­
c e n t r a t i o n  i t  i s  th e  a g e n t  r e s p o n s i b le  f o r  t h e  lu m in e sc e n c e  o f  th e  c r y s -
8 .2 .1  TH E MECHANISM O F TH E  SC IN T IL L A T IO N  PR O CESS
The lu m in esc en c e  o f  in o r g a n ic  s c i n t i l l a t o r s  c an  b e  u n d e rs to o d  in  te rm s  
o f  t h e  a llo w e d  and  f o rb id d e n  e n e rg y  bands o f  a c r y s t a l .  The e l e c t r o n i c  
e n e rg y  s t a t e s  o f  an atom a r e  d i s c r e t e  e n e rg y  l e v e l s , w h ich  in  an e n e rg y  
l e v e l  d ia g ra m  a r e  r e p r e s e n te d  a s  d i s c r e t e  l i n e s .  I n  a c r y s t a l ,  t h e  a llo w ed  
e n e rg y  s t a t e s  w id tp  i n t o  b ands ( F ig u r e  20 on p a g e  6 5 ) .  In  t h e  g round  s t a t e  
o f  t h e  c r y s t a l ,  th e  up p erm o st a llo w e d  band t h a t  c o n ta in s  e l e c t r o n s  i s  
c o m p le te ly  f i l l e d .  T h is  i s  c a l l e d  th e  v a le n c e  b and . The n e x t  a llo w ed  band  
i s  empty ( i n  t h e  g round  s t a t e )  and i s  c a l l e d  th e  c o n d u c tio n  b a n d . Aa 
e l e c t r o n  may o b ta in  enough e n e rg y  from  i n c id e n t  r a d i a t i o n  t o  move from  
th e  v a le n c e  t o  th e  c o n d u c tio n  b and . Once t h e r e ,  th e  e l e c t r o n  i s  f r e e  t o  
move anyw here i n  t h e  l a t t i c e .  The rem oved e l e c t r o n  le a v e s  b e h in d  a h o le  
i n  t h e  v a le n c e  band w h ich  can  a l s o  move. S om etim es, t h e  e n e rg y  g iv e n  to  
an e l e c t r o n  i s  n o t  enough t o  r a i s e  i t  t o  t h e  c o n d u c tio n  b a n d , i n s t e a d  i t  
rem a in s bound to  th e  h o le  in  th e  v a le n c e  b and . The e l e c t r o n  h o le  p a i r  i s  
th e n  c a l l e d  an e x c i t o n . The e x c i to n  s t a t e s  form  a th in , ban d  w ith  th e  u p p e r  
l e v e l  c o in c id in g  w i th  th e  low er l e v e l  c." t h e  c o n d u c tio n  band .
In  a d d i t io n  to  th e  e x c i to n  b and , e n e rg y  s t a t e s  may be c r e a te d  b e tw een  
v a le n c e  and c o n d u c tio n  banos b e c a u se  o f  c r y s t a l  im p u r i t ie s  o r  
im p e r f e c t i o n s . P a r t i c u l a r l y  im p o r ta n t  a re  t h e  s t a t e s  c r e a t e d  by th e  a c ­
t i v a t o r  a tom s su c h  a s  t h a l l iu m . The a c t i v a t o r  atom may e x i s t  i n  th e  g round  
s t a t e  o r  one o f  i t s  e x c i t e d  s t a t e s .  E le v a t io n  t o  an e x c i t e d  s t a t e  may b e  
th e  r e s u l t  o f  p h o to n  a b s o r p t io n ,  o r  th e  c a p tu r e  o f  an e x c i to n ,  o r  t h e  
su c c e s s iv e  capture of an e l e c t r o n  and a h o l e . The t r a n s i t i o n  o f  an im pu­
r i t y  atom from  an e x c i t e d  t o  a g ro u n d  s t a t e  ( i f  a l lo w e d ) , r e s u l t s  i n  th e  
e m is s io n  o f  a p h o to n . I f  t h i s  p h o to n  h a s  a w av e le n g th  i n  t h e  v i s i b l e  p a r t  
o f  th e  e le c t r o m a g n e t ic  sp e c tru m  i t  c o n t r i b u te s  t o  a s c i n t i l l a t i o n .  T hus, 
p r o d u c tio n  o f  a  s c i n t i l l a t i o n  i s  t h e  r e s u l t  o f  th e  o c c u r re n c e  o f  t h e s e
1 . I o n iz i n g  r a d i a t i o n  p a s s e s  th to u g h  th e  c r y s t a l .
2 . E le c t r o n s  a r e  r a i s e d  t o  th e  c o n d u c tio n  band .
3 . H o les  a r e  c r e a t e d  in  t h e  v a le n c e  band .
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fF ig u re  20 . A llow ed and  f o rb id d e n  anmi&l o f  a c r y s t a l
4 , E x c i to n s  a re  fo rm ed .
5 . A c t iv a t io n  c e n te r s  a re  r a i s e d  t o  th e  e x c i te d  s t a t e s  by a b so rb in g  
e l e c t r o n s ,  h o le s  and e x c i to n s .
o . D e - e x c i ta t io n  i s  fo llo w ed  by  e m is s io n  o f  a p h o to n .
The l i g h t  e m it te d  by a s c i n t i l l a t o r  i s  p r im a r i l y  t h e  r e s u l t  o f  t r a n s i t i o n s  
o f  th e  a c t i v a t o r  a tom s and n o t of th e  c r y s t a l . S in ce  m ost o f  th e  in c id e n t  
e n e rg y  goes t c  th e  l a t t i c e  o f  t h e  c r y s t a l  e v e n tu a l ly  becom ing  h e a t ) , th e  
appearance o f  lu m in esc en c e  p ro d u ce d  by th e  a c t i v a t o r  atom s means t h a t  
e n e rg y  i s  t r a n s f e r r e d  from  th e  h o s t  c r y s t a l  t o  th e  im p u r i ty .
The m a g n itu d e  o f  th e  l i g h t  o u tp u t  and  th e  w a v e le n g th  o f  t h e  e m it te d  l i g h t  
a re  tw o o f  t h e  m ost im p o r ta n t p r o p e r t i e s  o f  any s c i n t i l l a t o r .  The l i g h t  
o u tp u t  a f f e c t s  th e  number o f  p h o to e le c t r o n s  g e n e r a te d  a t  th e  in p u t  o f  th e  
p h o to tu b e , w hich  in  turn a f f e c t s  t h e  p u ls e  h e ig h t  p ro d u ce d  a t  th e  c o u n tin g  
sy s te m . I n fo r m a tio n  about t h e  w a v e le n g th  i s  n e c e s s a r y  in  o r d e r  t o  m atch 
th e  s c i n t i l l a t o r  w ith  th e  p r o p e r  p h o to m u l t ip l i e r  tu b e .  The l i g h t  o u tp u t  
a l s o  depends on th e  te m p e ra tu re  o f  th e  c r y s t a l .  E m iss io n  s p e c t r a  and 
te m p e r a tu re  r e sp o n se  a re  g iv e n  in  T s o u l f a n i d i s [ l9 8 3 ] .
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8 .2 .2  TIM E D EPEN D AN CE O F PH O TO N  EMMISSION
S in c e  th e  p h o to n s  a r e  e m it te d  a s  a  r e s u l t  o f  d e ca y s  o f  e x c i t e d  s t a t e s ,  
t h e  tim e  o f  t h e i r  e m is s io n  dep en d s on th e  d e ca y  constants o f  t h e  d i f f e r e n t  
s t a t e s  in v o lv e d . E x p er im e n ts  show t h a t  t h e  e m is s io n  o f  l i g h t  f o l lo w s  an 
e x p o n e n t ia l  d e ca y  law  o f  t h e  form
w here  N ( t )  = num ber o f  p h o to n s  e m it te d  s t  t im e  t  
T = d e ca y  tim e  o f  th e  s c i n t i l l a t o r
M ost o f  th e  e x c i te d  s t a t e s  o f  th e  s c i n t i l l a t o r  h av e  e s s e n t i a l l y  t h e  same 
l i f e t i m e  T . T h ere  a re  how ever some s t a t e s  w ith  lo n g e r  l i f e t i m e s  c o n t r i b ­
u t i n g  a slow  com ponent i n  th e  d ecay  o f  t h e  s c i n t i l l a t o r  known as 
a f te r g lo w ,  v h ic h  may be im p o r ta n t  i n  c e r t a i n  m easu rem en ts  w here  th e  
p h o to tu b e  o u tp u t  i s  i n t e g r a t e d .
I n  a  c o u n tin g  sy s te m  u s in g  a s c i n t i l l a t o r ,  th e  l i g h t  p ro d u ce d  by  th e  
c r y s t a l  i s  a m p lif ie d  by  a  p h o to m u l t ip l i e r  tu b e  and i s  tr a n s fo rm e d  in to  
an  e l e c t r i c  c u r r e n t  h a v \n g  an e x p o n e n tia l  b e h a v io u r  g iv e n  by £ q . 6 .1 .  
The c u r r e n t  i s  fe d  i n to  a p a r a l l e l  RC c i r c u i t  and a v o l ta g e  p u ls e  i s  
p ro d u ce d  o f  t h e  form
In  p r a c t i c e ,  The v a lu e  o f  RC i s  ch o sen  much g r e a t e r  th a n  T . T hus f o r  s h o r t  
tim e s  - i . e .  T «  RC, w hich  i s  th e  tim e sp a n  o f  i n t e r e s t -  E q .6 .2  becomes
T hus th e  r a t e  a t  w hich  th e  p u ls e  r i s e s  i s  d e te rm in e d  by th e  der.ay tim e
T h js  i s  th e  m ost commonly u se d  s c i n t i l l a t o r  f o r  gamma r a y s  and i s  th e  
b a s i s  f o r  a lm o s t a l l  s c i n t i l l a t i o n  d e t e c to r s  i n  i n d u s t r i a l  d e n s i ty  
g a u g e s . I t s  r e l a t i v e l y  h ig h  d e n s i ty  (3 .67x10*  kg /m 3) and h ig h  a tom ic  
num ber com bined w ith  i t s  l a r g e  volum e make i t  a  gamma ra y  d e t e c to r  w ith  
a v e ry  h ig h  e f f i c i e n c y  (40 t o  60°;). A lth o u g h  se m ic o n d u c to r  d e t e c to r s  have 
b e t t e r  e n e rg y  r e s o l u t i o n ,  th e y  c a n n o t r e p l a c e  N a l (T l)  i n  e x p e r im e n ts  
w here  la r g e  d e t e c to r  volum es a r e  n e ed e d .
N ( t )  =  Noe - t / T ( 6 . 1)
(8 . 2)
V (t)  =  V - ( l  -  e*t / T )
8 .2 .3  IM PO RTA N T P R O PE R T IE S O F C E R T A IN  INO RGA N IC 
SC IN T IL L A T O R S
N a l(T l)
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The e m is s io n  s p e o tr i ' o f  N a l (T l)  p e ak s  a t  410 nm and th e  l i g h t  c o n v e rs io n  
e f f i c i e n c y  i s  th e  h ig h e s t  o f  a l l  th e  in o r g a n ic  s c i n t i l l a t o r s .  I t  does 
how ever h av e  many u n d e s i r a b le  p r o p e r t i e s . I t  i s  b r i t t l e  and s e n s i t i v e  to  
te m p e r a tu re  g r a d ie n ts  and  th e rm a l  s h o c k s . I t  i s  a l s o  so  h y g ro sc o p ic  t h a t  
i t  m u st be k e p t  e n c a p s u la t e d  a t  a l l  t im e s . N a l (T l)  a lw ays c o n ta in s  a s m a ll 
am ount o f  p o ta s s iu m , w h ich  c r e a t e s  a c e r t a i n  b a ck ro u n d  b e c a u se  o f  i t s  
r a d io a c t iv e  *°K.
C s I ( T l)  h as  a  h ig h e r  d e n s i ty  ( 4 ,5 1 x l0 3kg/m 3) and h ig h e r  a to m ic  num ber th a n  
N a l ( T l ) ; t h e r e f o r e  i t s  e f f i c i e n c y  f o r  gamma d e te c t io n  i s  h ig h e r .  The l i g h t  
Lciency i s  how ever o n ly  a b o u t 45% o f  N a l (T l)  a t  room tern- 
: l i q u i d  n i t r o g e n  te m p e r a tu re s  (77K ), p u re  C s l ( T l )  h a s  a  l i g h t  
1 t o  t h a t  o f  N a l (T l)  a t  room te m p e r a tu re . The e m is s io n  sp e c -  
s from  420 nm t o  a b o u t 600 nm.
C s I ( T l)  i s  n o t  h y g r o s c o p ic . B eing  s o f t e r  and more p l a s t i c  th a n  N a l ( r i ) ,  
i t  c an  w ith s t a n d  s e v e r e  s h o c k s , a c c e l e r a t i o n  and  v i b r a t i o n  a s  w e l l  as 
l a r g e  te m p e r a tu re  g r a d i e n t s  and sudden  te m p e r a tu re  c h a n g e s . T hese  p r o p ­
e r t i e s  make i t  s u i t a b l e  f o r  sp a c e  experiments. Finally, C s I ( T l)  d o e s n o t 
c o n ta in  p o ta s s iu m . I t  w ould  a l s o  a p p e a r  t o  b e  v e ry  s u i t a b l e  f o r  i n d u s t r i a l  
a p p l i c a t i o n s .
C sIlN a)
The d e n s i ty  and a to m ic  num ber o f  C sI(N a) a r e  a b o u t t h e  same a s  th o s e  o f  
C s I ( T l ) . The l i g h t  c o n v e r s io n  e f f i c i e n c y  i s  a b o u t 85?= o f  t h a t  o f  N a l ( T l ) . 
I t s  e m is s io n  sp e c tru m  e x te n d s  from  320 nm to  540 nm C sl(h fa )  i s  s l i g h t l y  
h y g ro s c o p ic .
CaF2 (Eu)
CaFgfEu) c o n s i s t s  o f  lo w -a to m ic  number m a te r i a l s  and t h i s  makes i t  an 
e f f i c i e n t  d e t e c to r  f o r  b e ta  p a r t i c l e s  and x - r a y s ,  Thus i t s  a p p l i c a t i o n  
in  d e n s i ty  gauges i s  l im i t e d .
L il( E u )
T h is  i s  an e f f i c i e n t  th e rm a l- n e u t ro n  d e t e c to r  and h as no a p p l i c a t io n  f o r  
d e n s i ty  g a u g e s .
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8 .3  T H E  PH O TO M U LTIPLIER T U BE
8 .3 .1  G ENERAL D E SC R IPT IO N
The p h o to m u l t i p l i e r  tu b e  o r  p h o to tu b e  i s  s n  i n t e g r a l  p a r t  o f  a s c i n t i l ­
l a t i o n  c o u n te r ,  W ith o u t i t s  a m p l i f i c a t i o n ,  a s c i n t i l l a t o r  i s  u s e l e s s  as 
a  r a d i a t i o n  d e t e c to r .  The p h o to m u l t ip l i e r  i s  e s s e n t i a l l y  a  f a s t  a m p li­
f i e r ,  w h ich  i n  p ic o se c o n d s  a m p l i f ie s  an i n c id e n t  p u ls e  o f  v i s i b l e  l i g h t  
by  a  f a c t o r  o f  a  m i l l i o n .
The p h o to m u l t i p l i e r  c o n s i s t s  o f  an e v a c u a te d  g l a s s  tu b e  w ith  a 
p h o to c a th o d e  a t  i t s  e n tra n c e  and s e v e r a l  dynodes in  th e  i n t e r i o r  
(F ig u re  21 on p ag e  6 9 ) ,  The p h o to n s  p ro d u ce d  in  th e  s c i n t i l l a t o r  e n t e r  
t h e  p h o to tu b e  and h i t  t h e  p h o to c a th o d e , w h ich  i s  made o f  a  m a te r ia l  
(C s-S b ) t h a t  e m its  e l e c t r o n s  when l i g h t  s t r i k e s  i t .  The e le c t r o n s  e m it te d  
by  t h e  p h o to c a th o d e  a r e  g u id e d , w i th  th e  h e lp  o f  an e l e c t r i c  f i e l d ,  t o ­
w ards t h e  f i r s t  d ynode , w hich  i s  c o a te d  w i th  a  s u b s ta n c e  (C s-Sb o r  Ag-Mg) 
t h a t  e m its  se c o n d a ry  e l e c t r o n s ,  i f  e le c t r o n s  im p inge  on i t .  T h is  p ro c e s s  
i s  r e p e a te d  f o r  eac h  s u c c e s s iv e  dynode . T y p ic a l  com m ercial p h o to tu b e s  may 
h av e  up t o  15 d ynodes.
The e l e c t r o n s  p ro d u ce d  in  th e  p h o to tu b e  a r e  d i r e c t e d  from  one  dynode to  
t h e  n e x t  by an e l e c t r i c  f i e l d  e s t a b l i s h e d  by a p p ly in g  a  s u c c e s s iv e ly  i n ­
c r e a s i n g  p o s i t i v e  v o l ta g e  t o  e a c h  dynode. The v o l ta g e  d i f f e r e n c e  betw een 
tw o s u c c e s s iv e  dynodes i s  o f  th e  o r d e r  o f  60 -120  V.
: im p o r ta n t  p a ra m e te r  o f  e v e ry  p h o to m u l t i p l i e r  tu b e  i s  t h e  s p e c t r a l  
L v ity  o f  i t s  p h o to c a th o d e , w hich  f o r  b e s t  r e s u l t s  s h o u ld  m atch  th e  
L la to r  sp e c tru m . A no the r im p o r ta n t p a ra m e te r  i s  th e  m ag n itu d e  o f  
T ie  d a rk  c u r r e n t  c o n s i s t s  mainly o f  
: th e rm a l e n e rg y  i s  a b so rb e d . T h is  
and a 50-mm d ia m e te r  p h o to c u th o d e  m 
i t  room te m p e r a tu re .  O b v io u s ly , the 
d a rk  c u r r e n t  i s  im p o r ta n t  in  c a s e s  w here  t h e  r a d i a t i o n  
w eak. Both t h e  d a rk  c u r r e n t  and s p e c t r a l  r e s p o n s e  sh o u ld  
when a  p h o to tu b e  i s  p u r c h a s e d . R e c a l l  t h a t  t h e  e le c t r o n s  
one  dynode to  th e  n e x t  by an e l e c t r i c  f i e l d .  I f  a  mf 
p r e s e n t ,  i t  may d e f l e c t  th e  e l e c t r o n s  su c h  t h a t  n o t  a l l  o f  
n e x t  dynode . To red u c e  th e  m a g n e tic  e f f e c t ,  th e  p h o to tu b e  
ro u n d ed  w ith  a c y l i n d r i c a l  s h e e t  o f  y - m e ta l .
e m it te d
i s  c a l l e d
8 .3 .2  ELECTRO N  M U L T IPL IC A T IO N  IN A PH O TO M U LTIPLIER
The e l e c t r o n  m u l t i p l i c a t i o n  (M) i n  a p h o to m u l t i p l i e r  c an  b e  w r i t t e n  as 
[ T s o u l f a n a d is ,1 9 8 3 ] :
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Contact
Photo
Cathode
S c in t il la tio n  
c ry s ta l \
Synods Anode
S c in t illa tio n
LoadQuantum
Operational
voltage
F ig u re  21 . Schi-m otic d iag ram  o f  p h o to m u l t ip l i e r  i n t e r i o r  
M -  ( 8 1e i > ( f l 2t 2 ) . . .  ' 8 nen J (8 .3 )
n = number o f  dyaodas
£ ^ = number o f  f i le c tr o n s  c o l l c t t e d  by i t h  dynode
number of p ln c tr o n s  o m it te d  by ( i  - l ) t l i  dynode
0  ^ »  number o f  e l e c t r o n s  e m itte d  by i t h  dynode.
number o f  o le c t r o n s  im p in g in g  upon i t h  dynode
I f  6 m d c i  e re  c o n s ta n t  f o r  a l l  d ynodas, th e n
N -  m ) "  (8 .4 )
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The q u a n t i ty  e depends on th e  g e o m etry . The q u a n t i t y  0 depends on  th e  
v o l ta g e  b e t t f '- 'z  s u c c e s s iv e  dynodes and  on th e  m a te r i a l  o f  w h ich  th e  dynode 
i s  made. Th. -nendance  o f  8 on v o l ta g e  i s  o f  t h e  form
6 = kV3 ( 8 .5 )
V = V\ - ^ = p o t e n t i a l  d i f f e r e n c e  be tw een  any two s u c c e s s iv e  d ynodes.
k , a  =  c o n s ta n t s  ( t h e  v a lu e  o f  a i s  a b o u t 0 .7 )
Thus t h e  m u l t i p l i c a t i o n  M becomes
M = en (kVa ) n  = CVan ( 8 . 6 )
w here  C =  ( t k ) n = c o n s t a n t ,  in d e p e n d e n t o f  v o l ta g e .
E q . 8 .6  i n d i c a t e s  t h a t  th e  v a lu e  o f  K in c r e a s e s  w ith  t h e  v o l ta g e  V and 
th e  number o f  s ta g e s  n . The num ber o f  dynodes i s  l im i t e d ,  b e c a u se  a s  n 
i n c r e a s e s ,  t h e  c h a rg e  d e n s i ty  be tw een  tw o dynodes d i s t o r t s  t h e  e l e c t r i c  
f i e l d  and h in d e rs  t h e  e m is s io n  o f  e l e c t r o n s  from  th e  p r e v io u s  dynode w ith  
t h e  low er v o l ta g e .  I f  one t a k e s  n=10 and Ut=4, a t y p i c a l  v a lu e ,  M becomes 
e q u a l t o  306 .
To a p p ly  t h e  e l e c t r i c  f i e l d  t o  th e  d y n o d e s , a  pow er s u p p ly  p r o v id e s  a 
v o l ta g e  a d e q u a te  f o r  a l l  t h e  d y n o d e s . A v o l ta g e  d i v i d e r ,  u s u a l ly  an  i n ­
t e g r a l  p a r t  o f  th e  p r e a m p l i f i e r ,  d i s t r i b u t e s  t h e  v o l ta g e  t o  t h e  in d iv i d u a l  
d y n o d e s . When r e f e r e n c e  i s  made to  th e  p h o to tu b e  v o l t a g e ,  one  means th e  
t o t a l  v o l ta g e  a p p l ie d .
8 .4  DEAD TIM E O F S C IN T IL L A T IO N  C O U N T ER S
The dead  tim e  o r  r e s o l v in g  tim e , i s  th e  minimum tim e  t h a t  c an  e la p s e  a f t e r  
th e  a r r i v a l  o f  tw o s u c c e s s iv e  p a r t i c l e s  and s t i l l  r e s u l t  i n  two s e p a r a t e  
p u l s e s .  F o r  a s c i n t i l l a t i o n  c o u n te r ,  t h i s  tim e  i s  e q u a l to  th e  sum o f  
th r e e  tim e  i n t e r v a l s :
1. Time j t  t a k e s  t o  p ro d u ce  th e  s c i n t i l l a t i o n ,  e s s e n t i a l l y  e q u a l t o  th e  
d e c a y  tim e  o f  th e  s c i n t i l l a t o r .
2 . Time i t  t a k e s  f o r  e l e c t r o n  m u l t i p l i c a t i o n  i n  th e  p h o to tu b e , o f  th e  
o r d e r  o f  20 -40  n s .
3 . Time i t  ta k e s  t o  a m p lify  th e  s ig n a l  and r e c o rd  i t  by a s c a l a r .  The
r e c o v e ry  tim e  o f  com m ercial s c a l a r s  i s  o f  t h e  o r d e r  o f  l y s .  The tim e
ta k e n  f o r  a m p l i f ic a t i o n  and  d is c r im in a t io n  i s  n e g l ig ib l e .
Scintillation Detectors
The q u a n t i t y  e de p en d s on th e  ge o m etry . The q u a n t i t y  8 depends on th e  
v o l ta g e  be tw een  s u c c e s s iv e  dynodes and on th e  m a te r ia l  o f  w hich  th e  dynode 
i s  m ade. The d e pendence  o f  6 on  v o l ta g e  i s  o f  th e  form
6 =  kV8 - ( 8 .5 )
V = Vi  -  V1 j  = p o t e n t i a l  d i f f e r e n c e  b e tw een  any  tw o s u c c e s s iv e  d ynodes. 
k ,  a  = c o n s ta n t s  ( th e  v a lu e  o f  a  i s  a b o u t 0 .7 )
Thus t h e  m u l t i p l i c a t i o n  M becomes
H = En (kVa ) n = CV811 ( 8 . 6 )
w here  C = ( 6k ) n =  c o n s t a n t ,  Independent o f  v o l ta g e .
Eq. a . 6 i n d i c a t e s  t h a t  t h e  v a lu e  o f  M in c r e a s e s  w i th  t h e  v o l ta g e  V and 
th e  number o f  s t a g e s  n . The num ber o f  dynodes i s  l im i t e d ,  b e c a u se  as n  
i n c r e a s e s ,  th e  c h a rg e  d e n s i ty  b e tw een  two dynodes d i s t o r t s  th e  e l e c t r i c  
f i e l d  and  h in d e rs  t h e  e m is s io n  o f  e l e c t r o n s  from  th e  p r e v io u s  dynode w ith  
t h e  low er v o l t a g e .  I f  one  t a k e s  n=10 and  8e=4 , a t y p i c a l  v a lu e ,  H becomes 
e q u a l t o  10s .
To a p p ly  th e  e l e c t r i c  f i e l d  t o  t h e  d y n o d e s, a pow er s u p p ly  p r o v id e s  a  
v o l ta g e  a d e q u a te  f o r  a l l  th e  d y n o d e s. A v o l ta g e  d i v i d e r ,  u s u a l ly  an i n ­
t e g r a l  p a r t  o f  th e  p r e a m p l i f i e r ,  d i s t r i b u t e s  t h e  voltage to th e  I n d iv id u a l  
d y n o d e s. When r e f e r e n c e  i s  made t o  th e  p h o to tu b e  v o l t a g e ,  one means th e  
t o t a l  v o l ta g e  a p p l ie d .
8 .4  DEAD TIM E O F SC IN T IL L A T IO N  C O U N T ER S
The de ad  tim e  o r  r e s o l v in g  t im e ,  i s  t h e  minimum tim e  t h a t  can e la p s e  a f t e r  
t h e  a r r i v a l  o f  two s u c c e s s iv e  p a r t i c l e s  and s t i l l  r e s u l t  i n  tw o s e p a r a t e  
p u l s e s .  F o r  a s c i n t i l l a t i o n  c o u n te r ,  t h i s  tim e  i s  e q u a l t o  t h e  sum o f  
t h r e e  tim e  i n t e r v a l s :
1 . Time i t  t a k e s  t o  p ro d u c e  th e  s c i n t i l l a t i o n ,  e s s e n t i a l l y  e q u a l t o  th e  
d e cay  tim e  o f  th e  scintillator.
2 . Time i t  t a k e s  f o r  e l e c t r o n  m u l t i p l i c a t i o n  in  t h e  p h o to tu b e , o f  th e  
o r d e r  o f  2 0 -40  n s .
3 . Time i t  t a k e s  t o  a m p lify  t h e  s i g n a l  and re c o rd  i t  by a s c a l a r .  The 
re c o v e r y  tim e  o f  c om m erc ia l s c a l a r s  i s  o f  t h e  o r d e r  o f  I p s .  The tim e  
ta k e n  f o r  a m p l i f ic a t i o n  and  d is c r im in a t io n  i s  n e g l ig ib l e .
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By a d d in g  th e  t h r e e  a b i c om ponen ts , t h e  r e s u l t i n g  de ad  tim e  o f  a s c i n ­
t i l l a t i o n  c o u n te r  i s  o f  t h e  o r d e r  o f  t e n s  t o  h u n d red s  o f  m ic ro se c o n d s . 
Thus s c i n t i l l a t o r s  a r e  d e t e c to r s  w ith  f a s t  r e s p o n s e s .
8 .5  SO U RC ES O F BACK ROU N D  IN S C IN T IL L A T IO N  C O U N T ER S
The m a jo r  back ro u n d  s o u r c e  i s  t h e  d a rk  c u r r e n t ,  w h ich  i s  t h e  le a k a g e  
c u r r e n t  f lo w in g  in  th e  p h o to m u l t i p l i e r  when no s c i n t i l l a t i o n s  a r e  b e in g  
p ro d u ce d . O th e r  back ro u n d  so u rc e s  a r e  n a t u r a l l y  o c u r r in g  r a d io i s o to p e s ,  
co sm ic  r a y s  and p h o sp h o re sc in g  s u b s ta n c e s .
I t  i s  how ever p o s s ib l e  t o  d is c r im in a t e  b e tw een  th e s e  so u rc e s  and gamma 
r a y  r a d i a t i o n ,  th u s  back ro u n d  r a d i a t i o n  is not much o f  a p ro b lem  f o r  i n ­
d u s t r i a l  d e n s i ty  g auges u s in g  s c i n t i l l a t i o n  d e t e c to r s .
8 .6  IN D U ST R IA L  S C IN T IL L A T IO N  D E T EC T O R S
A lthough  th e  s c i n t i l l a t i o n  c o u n te r  i s  th e  o ld e s t  m ethod o f  r a d i a t i o n  d e ­
t e c t i o n ,  i t  i s  o n ly  s in c e  th e  developm en t o f  th e  p h o to m u l t ip l i e r  tu b e  t h a t  
i t  h a s  become a c c e p te d  in  i n d u s t r y  and  to d a y  i t  i s  no d o u b t t h e  m ost im­
p o r t a n t  d e t e c to r  in  u s e .
The p r im a ry  a d v an ta g e  o f  t h e  s c i n t i l l a t i o n  c o u n te r  i s  i t s  h ig h  e f f i c i e n c y  
(n o rm a lly  35% b u t  up to  85%) and i t s  d i s c r im in a t io n  a b i l i t y  be tw een  r a ­
d i a t i o n  i n t e n s i t y  and r a d i a t i o n  e n e rg y  a l lo w in g  i t  t o  d i f f e r e n t i a t e  b e ­
tw een  c le a n  gam tra-rays and back ro u n d  r a d i a t i o n .  B ecause  o f  i t s  h ig h  
s e n s i t i v i t y  t h e  d e t e c t o r  c an  b e  u se d  w ith  a low e n e rg y  and c o l l im a te d  beam 
th u s  r e d u c in g  th e  h e a l th  h a z a rd . The c o u n t r a t e  o f  th e  d e t e c to r  i s  h ig h ,  
v a ry in g  from  25 000 to  125 000 c o u n t s / s e c .  The o u tp u t  p u ls e  w hich v a r i e s  
w ith  t h e  o p e r a t in g  v o l ta g e  (betw een  600 and a 1000 v o l t s )  i r  n o rm a lly  IV.
The l im i t a t i o n s  o f  th e  s c i n t i l l a t i o n  c o u n te r  i s  t h a t  s in c e  t h e  o u tp u t  
p u ls e  voltage d ep en d s on th e  o p e r a t in g  v o l ta g e  a h ig h  p r e c i s io n  v o l ta g e  
s t a b i l i z e r  m ust b e  u s e d . A lso , t h e  su rro u n d in g  te m p e r a tu re  c o u ld  i n f l u ­
en ce  th e  tu b e  a m p l i f i c a t i o n .  The s c i n t i l l a t i o n  c r y s t a l  "is h ig h ly  
h y g ro sc o p ic  and care m ust be ta k e n ,  n o t  t o  a c c id e n ta l l y  open  th e  a tm os­
p h e r i c  t i g h t  e n c lo s u r e .
T h ere  a r e  s t i l l  w id e sp re a d  ru m u trs  a b o u t th e  m e ch a n ica l w eakness o f  th e  
s c i n t i l l a t i o n  c o u n te r  and i t s  s e n s i t i v i t y  t o  v ib r a t i o n .  I t  may b e  s t a t e d  
how ever, t h a t  s c i n t i l l a t i o n  c o u n te r s  a r e  em ployed i n  r o c k e ts  in  th e  m i l ­
i t a r y  and sp a c e  f i e l d s ,  w here  th e y  a i e  s u b je c t e d  to  e x tre m e s  o f  v i b r a t i o n  
and a c c e l e r a t i o n .
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8 .7  CO N CLU SIO N
U n t i l  now s c i n t i - l a t i o n  c o u n te r s  h av e  n o t  be en  c o n s id e r e d  r e l i a b l e  and 
s t a b l e  enough f o r  i n d u s t r i a l  a p p l i c a t i o n s . T hese  p ro b lem s have now been  
overcom e and i t  i s  e x p e c te d  t h a t  th e  s c i n t i l l a t i o n  c o u n te r  w i l l  become 
tM  p red o m in an t d e t e c to r  f o r  c o u n tin g  a p p l i c a t i o n s . The m ain  a d v an ta g e  
01 th e  s c i n t i l l a t i o n  c o u n te r  i s  i t s  h ig h  e f f i c i e n c y ,  b e tw ee n  40 and 80%, 
a l lo w in g  a  c o rre s p o n d in g  r e d u c t io n  i n  so u rc e  s i z e  when com pared t o  th e  
i o n i z a t io n  cham ber. The h ig h e r  e f f i c i e n c y  a l s o  a llo w s  a  c o l l im a te d  beam 
t o  b e  u se d  w hich  f u r t h e r  re d u c e s  th e  h e a l th  h a z a rd .  A f u r t h e r  a d v an ta g e  
i s  t h e  much h ig h e r  c o u n tin g  r a t e  o f  t h e  s c i n t i l l a t i o n  c o u n te r  w hich  a llo w s  
f o r  l e s s  d e v ia t i o n  in  th e  m easurem ent mean o r  a f a s t e r  r e sp o n se  f o r  th e  
same d e v ia t i o n .
I t  s h o u ld  t h e r e f o r e  b e  c l e a r  t h a t  g iv e n  a c h o ic e  be tw een  Che i o n i z a t io n  
cham ber and s c i n t i l l a t i o n  c o u n te r ,  th e  s c i n t i l l a t i o n  c o u n te r  s h o u ld  be  
u 'e d .  The s m a l le r  s o u r c e  s i z e  and c o l l im a te d  beam w hich r e s u l t  from  i t s  
u se  m in im iz es t h e  h e a l th  h a z a rd  w hich in c r e a s e s  th e  a c c e p t a b i l i t y  o f  a 
n u c le a r  d e n s i ty  gauge.
IVhen a n y  in s t ru m e n t  i s  used t h e r e  i s  a  q u e s t io n  o f  th e  v a l i d i t y  and a c ­
c u ra c y  o f  th e  m e asu re m en t. As r r d i a t i o n  i s  a  s t a t i s t i c a l  phenonom en, th e  
o u p u t o f  a r a d i a t i o n  d e t e c t o r  w i l l  h av e  some s t a t i s t i c a l  v a r ia n c e .  S t a ­
t i s t i c s  and e r r o r s  in  n u c le a r  m easurem ent a re  d is c u s s e d  in  th e  f o l lo w in g  
c h a p te r .
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9 .0  S T A T IS T IC S  AND E R R O R S IN N U CLEAR MEASUREMENTS
9 .1  INTR OD U CTIO N
I n  t h e  p r e v io u s  c h a p te r s  i t  was shown t h a t  n u c le a r  d i s i n t e g r a t i o n s  a r e  
s t a t i s t i c a l  i n  n a tu r e .  T h u s , t o  f u l l y  u n d e rs ta n d  r e s u l t s  o b ta in e d  from  
m easu rem en ts o f  n u c le a r  d i s i n t e g r a t i o n s ,  some know ledge  o f  s t a t i s t i c s  i s  
n e c e s s a r y .  The c h a p te r  i s  n o t  m eant t o  be a t u t o r i a l  on s t a t i s t i c s ,  b u t  
r a t h e r ,  i s  m eant t o  i l l u s t r a t e  th e  e f f e c t s  o f  t h e  s t a t i s t i c a l  n a tu r e  o f  
r a d i a t i o n  and  how th e y  c an  b e  com pensated  f o r .
9 .2  TH E E R R O R S , A C CU R A C Y  AND PR E C ISIO N  O F MEASUREMENTS
A m easu rem en t i s  an  a t te m p t t o  d e te rm in e  th e  v a lu e  o f  a c e r t a i n  p a ra m e te r  
o r  q u a n t i t y .  In  a t te m p t in g  any  m easurem ent th e  f o l lo w in g  two axiom s r e ­
g a rd in g  th e  r e s u l t  o f  th e  m easurem ent s h o u ld  b e  k e p t  i n  m ind.
Axiom 1 No m easurem ent y i e ld s  a r e s u l t  w ith o u t  an e r r o r .
Axiom 2 The r e s u l t  o f  a  m easurem ent i s  a lm o s t w o r th le s s  u n l e s s  th e  
e r r o r  a s s o c i a te d  w i th  t h a t  r e s u l t  i s  a l s o  r e p o r te d .
The te tm  e r r o r  i s  u se d  to  d e f in e  th e  f o l lo w in g  c o n c e p t: 
E r ro r  =  (m easu red  q u a n t i t y )  -  ( t r u e  v a lu e )  
o r  E r r o r  = e s t im a te d  u n c e r t a i n ty  o f  th e  m easu red  q u a n t i ty
The r e s u l t  may h e  r e p o r t e d  i n  tw o w ays:
1 . R ±  E; I n  w hich  c a s e  E i s  th e  a b s o lu te  e r r o r .  (R and E have th e  same
2 . R ± e%; W here e = (E /R )100  =  r e l a t i v e  e r r o r  (d im e n s io n le s s ) .
I n  m ost c a s e s ,  t h e  r e l a t i v e  e r r o r  r a t h e r  th a n  th e  a b s o lu te  e r r o r  i s  r e ­
p o r t e d .  The im p o r ta n t  t h in g  to  u n d e rs ta n d  i s  t h a t  R ± E does n o t  mean t h a t  
t h e  c o r r e c t  r e s u l t  i s  b r a c k e te d  be tw een  R -  E and R + E. I t  o n ly  means 
t h a t  t h e 'e  i s  a  p r o b a b i l i t y  t h a t  th e  c o r r e c t  r e s u l t  h a s  a v a lu e  betw een  
R -  E and R + E . The m ost common p r o b a b i l i t y  v a lu e s  u se d  a r e  t h e  s ta n d a r d  
e r r o r  and th e  p r o b a b le  e r r o r .
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THE STANDARD ERROR
I f  t h e  r e s u l t  of a  m easurem ent e r r o r  i s  r e p o r te d  as R ±  Es and E s i s  th e  
s ta n d a r d  e r r o r ,  th e n  th e r e  i s  a 68.3% ch an c e  f o r  Che t r u e  r e s u l t  t o  have  
a  v a lu e  b e tw een  R -  E s and R + E s .
THE PROBABLE ERROR
By d e f i n i t i o n ,  t h e  p r o b a b le  e r r o r  i s  e q u a l ly  l i k e l y  t o  b e  exce ed e d  o r  n o t .  
T h e r e fo r e ,  i f  t h e  r e s u l t  o f  a  m easurem ent i s  R ±  Ep and Ep i s  t h e  p r o b a b le  
e r r o r ,  th e n  t h e r e  i s  a  50% ch an c e  f o r  t h e  r e s u l t  t o  be be tw een  R -  Ep and
O th e r  e r r o r s  u se d  in c lu d e  th e  f i i n e - t e a t h s ,  n i n e t y - f i v e  h u n d re d th s  and 
n in e ty - n in e  h u n d re d th s  e r r o r .  The ty p e  o f  e r r o r  u se d  s h o u ld  a lw ays be 
q u o te d  u i t h  th e  r e s u l t .
R e la te d  t o  t h e  e r r o r  o f  a m easurem ent a r e  t h e  te rra s  a c c u ra c y  and p r e c i ­
s io n  . The a c c u ra c y  o f  an e x p e r im e n t i s ,  how c lo s e  t h e  r e s u l t  o f  th e  
m easurem ent i s  t o  t h e  t r u e  v a lu e  o f  th e  m easured  q u a n t i t y ,  and i s  th e  
d i f f e r e n c e  b e tw ee n  th e  r e a l  v a lu e  and t h e  m easured  v a lu e .  The p r e c i s io n  
o f  t h e  m e asu rem en t, i s  on th e  o th e r  h a n d , r e l a t e d  t o  th e  num ber o f  s i g ­
n i f i c a n t  f i g u r e s  r e p r e s e n t in g  th e  r e s u l t .
L im i ta t io n s  i n  t h e  a c c u ra c y  and  p r e c i s io n  o f  m easu rem en ts r e s u l t  from  many
c a u s e s .  Among th e  m ost im p o r ta n t a re :
1 . I n c o r r e c t l y  c a l i b r a t e d  in s t ru m e n ts .
2 . A lg e b ra ic  o r  r e a d in g  e r r o r s  o f  th e  o b s e rv e r .
3 .  U n c o n t ro l le d  changes i n  e n v iro m e n ta l c o n d i t io n s ,  su c h  as te m p e r a tu re ,  
p r e s s u r e  and  h u m id ity .
4 .  I n a b i l i t y  t o  c o n s t r u c t  a r b i t r a r i l y  s m a ll m e asu r in g  m e te r - s t i c k s ,  
r o d s ,  p o i n t e r s ,  c lo c k s ,  U n s r ,s ,  e t c .
5 .  A n a t u r a l  l i m i t  o f  s e n s i t i v i t y  f o r  any r e a l  m e asu r in g  in s t ru m e n t  d e ­
t e c t i n g  i n d iv i d u a l  e f f e c t s  o f  a to m s, e l e c t r o n s ,  m o le c u le s  and p r o -
6 . I m p e r fe c t  m ethod o f  m easurem ent i n  m ost c a s e s .
7 . Unknown e x a c t  i n i t i a l  s t a t e  o f  t h e  sy s te m . O r, even  i f  t h e  i n i t i a l  
s t a t e  i s  know n, i t  i s  im p o s s ib le  t o  fo llo w  th e  e v o lu t io n  o f  t h e  s y s -
8 . S t a t i s t i c a l  n a tu r e  o f  some p r o c e s s e s ,  e . g .  r a d io a c t iv e  d e ca y . T here  
i s  a  p r o b a b i l i t y  t h a t  a r a d io a c t iv e  atom w i l l  d ecay  in  t h e  n e x t  10s 
and t h i s  i s  a - much in f o r m a tio n  a s  one  can  r e p o r t  on th e  m a t te r .
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Most m easurem ents o f  a p p l ie d  n u c le a r  r c i e n c e  in v o lv e  th e  c o u n tin g  o f  n u ­
c l e a r  e v e n ts . E v en ts  o f  t h i s  n a tu re  f o llo w  a s t a t i s t i c a l  law - th e  P o is so n  
s t a t i s t i c s -  w hich  i s  s im p le  and e a sy  to  a p p ly . In  many c a s e s ,  th e  in h e re n t  
s t a t i s t i c a l  e r r o r ,  due t o  th e  fu ndam en ta l f l u c t u a t i o n s  i n  t h e  r a t e  o f  
o c cu ren c e  o f  th e  e v e n ts ,  i s  th e  p r in c i p l e  e r r o r .  I t  becomes im p o r ta n t t o  
re a b le  to  p r e d i c t  o r  c a l c u l a t e  th e  e r r o r .  G e n e ra l ly  sp e a k in g , th e  s t a ­
b i l i t y  o f  th e  c o u n tin g  a p p a ra tu s  i s  su c h  t h a t  th e  fu ndam en ta l s t a t i s t i c a l  
e r r o r  w i l l  do m in a te  i f  i t  i s  g r e a t e r  th a n  1%.
9 .3  TH E  NORMAL D IST R IB U T IO N
B e fo re  p ro c e e d in g  w ith  th e  d is c u s s io n  o f  P o is so n  s t a t i s t i c s ,  f i r s t  c o n ­
s i d e r  th e  norniwi d i s t r i b u t i o n  to  w hich  a la r g e  c l a s s  o f  p h y s ic a l  m eas­
u rem e n ts  con fo rm . Most m easurem ents o f  q u a n t i t i e s  w hich have  a 
c o n tin u o u s ly  v a r i a b l e  m agn itude  a p p ea r  t o  f i t  th e  norm al d i s t r i b u t i o n ,  
w hich  s t a t e s  t h a t  th e  p r o b a b i l i t y  dP t h a t  th e  q u a n t i t y  x  w i l l  l i e  be tw een  
x and x + d x  i s  [ T i t t l e , 1965 ]:
dP = t l / s ^ n ) / e ' ’x ‘ m ! i /2 s J dx ( 9 .1 )
w here  m i s  th e  mean v a lu e  o f  th e  d i s t r i b u t i o n  and s i s  th e  s ta n d a r d  d e ­
v i a t i o n ,  a m easure  o f  th e  w id th  o f  th e  d i s t r i b u t i o n  f a c t o r .  A p l o t  o f  
y = d P 'd x  v s .  x  i s  th e  w e l l  known " b e l l - s h a p e d  c u rv e " .
M easurem ents g iv e  a s e t  o f  v a lu e s  o f  x  w hich a re  r e g a rd e d  a s  members o f  
th e  p o p u la t io n  d e s c r ib e d  by th e  d i s t r i b u t i o n .  The c h o ic e  o f  d i s t r i b u t i o n  
f o r  th e  d e s c r ip t i o n  i s  a r b i t r a r y .  T h ere  i s  no a s s u ra n c e  t h a t  a g iv e n  s e ­
r i e s  o f  m easurem ents w i l l  a c tu a l l y  f i t  a  norm al d i s t r i b u t i o n  o r  any o th e r  
d i s t r i b u t i o n .  One o f  t h e  roost im p o r ta n t a p p l i c a t i o n s  o f  s t a t i s t i c s  t o  
m easu rem en ts i s ,  in  f a c t ,  th e  in v e s t i g a t io n  o f  th e  q u e s t io n  o f  w h e th e r  a 
p a r t i c u l a r  s e t  o f  m easu rem en ts f i t s  th e  assum ed d i s t r i b u t i o n .
O rd in a l t  ly  t h e  v a lu e  o f  i n t e r e s t  i s  th e  q u a n t i t y  to. To o b ta in  an e s t im a te  
o f  m, th e  o b s e r v a t io n s , x ,  a re  a v e rag e d  t o  o b ta in  w hat i s  c a l l e d  t h e  ob ­
s e rv e d  m ean, x 1 . I f  th e r e  a re  enough m e asu re m en ts , an e s t im a t io n  o f  th e  
s ta n d a r d  d e v ia t i o n  ( s ) from  th e  s e t  o f  o b se rv e d  v a lu s  x  - x ’ , can b e  ob ­
t a in e d  I t  c an  th e n  b e  d e c id e d  w h e th e r  th e  m easurem ents f i t  th e  assumed 
d i s c r i o u t i o n .  In  th e  case o f  th e  normal d i s t r i b u t i o n  i t  i s  g e n e r a l l y  
n e c e s s a r y  to  have  a b o u t 20 m easurem ents in  o r d e r  t o  o b ta in  r e l i a b l e  e s ­
t im a te s  o f  s and th e  "goodness o f  f i t " .  However, i t  i s  som etim es n e c e s ­
s a r y  t o  r e ly  on s m a lle r  s e t s  o f  d a ta .
The b e s t  e s t im a te  o f  s i s  g iv e n  by [ T i t t l e , 1965] 
s  = 1 En Cx. - x 1) 2 (9 .2 )
(n  - 1)
W here n i s  th e  number o f  o b s e rv a t io n s .  In  t h i s  e q u a t io n  th e  f a c to r  n  - 3 
i n  t h e  d e n o m in a to r , r a t h e r  th a n  n , r e s u l t s  in  th e  u s e  o f  x 1 in s t e a d  o f  m
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i t h e  n u m e ra to r .  The t r u e  mean i 
i exam ple t h e  d a t a  i n  F ig u re  22 c
is n e v e r  known e x a c t ly .  C o n s id e r ,  as 
p ag e  76.
A n a ly s is  o f G e ig e r -M u e lle r  C o u n ter D a ta .
T e s t x X - X1 (x  -  x ')
i 209 324
217
T o ta ls 0
F ig u re  22 . E xam ple o f  S ta n d a rd  D e v ia t io n  C om pu tation
T he mean f o r  t h e  above s e t  o f  d a ta  i s  
x 1 = 1569/7  = 227 .
The s ta n d a r d  d e v ia t i o n  f o r  th e  above s e t  o f  d a t a  i s  
s  = / ( ( 9 9 0 ) / ( 7 - 1 ) )  = 1 2 .6 .
The q u e s t io n  o f  i n t e r e s t  i s :  How w e l l  does th e  o b se rv e d  mean r e p r e s e n t  
t h e  t r u e  mean? The s ta n d a r d  d e v ia t i o n  o f  t h e  mean S , i s  g iv e n  by th e  
r e l a t i o n
Sm = s / / n  ( 9 .3 )
o r  1 2 .8 / /7  = 4 .9  in t h e  exam ple . The r e s u l t  w ould t h e r e f o r e  b e  q u o te d  a s  
m = 1589 ± 4 . 9  ( 9 .4 )
w here  t h e  q u o te d  e r r o r  i s  th e  s ta n d a r d  d e v ia t i o n  o r  s ta n d a r d  e r r o r .
9 .4  T H E  PO ISSO N  D IS T R IB U T IO N
P o i s s o n 's  d i s t i b u t i o j  
i n  e x p e r im e n ta l  ai 
[ T i t t l e , 1965 ):
d e s c r ib e s  m ost o f  th e  c o u n tin g  o b s e rv a t io n s  made 
i  a p p l ie d  n u c le a r  p h y s ic s ,  and i s  g iv e n  by
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w here  Px i s  t h e  p r o b a b i l i t y  o f  o b s e rv in g  x e v e n ts  when th e  a v e ra g e  f o r  a 
l a r g e  num ber o f  t r i e s  i s  m e v e n ts .  I n  t h i s  d i s t r i b u t i o n ,  x  and m a r e  i n ­
t e g e r s  -  one  p o in t  o f  d i f f e r e n c e  from  th e  no rm al d i s t r i b u t i o n ,  w here  th e  
v a r i a b l e  i s  c o n tin u o u s . I f  m i s  a f a i r l y  la r g e  num ber, s a y  100 o r  l a r g e r ,  
t h e  P o is s o n  d i s t r i b u t i o n  i s  a d e q u a te ly  a p p ro x im ate d  by a  s p e c i a l  no rm al 
d i s t r i b u t i o n
dP = ( l/V 2 itm )/e " Cx"m ),/2 indx ( 9 .6 )
w here  by c o m p ariso n  w i th  Eq. 9 .1  th e  s ta n d a r d  d e v ia t i o n  i s
s  = /m  ( 9 .7 )
The s ta n d a r d  d e v ia t i o n  o f  a no rm al d i s t r i b u t i o n  a p p ro x im a tin g  a P o is so n  
distribution is t h e r e f o r e  s p e c i f i e d  when m i s  s p e c i f i e d .  I n  m ost c a se s  
E q . 9 .6  i s  an a d e q u a te  r e p r e s e n ta t i o n  o f  t h e  P o is so n  d i s t r i b u t i o n ,  even 
i f  m i s  a s  low a s  20. T h e re fo re  th e  r e l a t i o n  b e tw een  th e  s ta n d a r d  d e v i ­
a t i o n  s  and  th e  p r o b a b le  e r r o r  r  o f  t h e  norm al d i s t r i b u t i o n ,  w here
r  = 0 .6 7 4 5 s  ( 9 .8 )
may be  u se d .
I f  t h e  d a ta  i n  F ig u re  22 on p ag e  76 r e p r e s e n t s  se v en  c o u n ts  made i n  a s e t  
o f  u n ifo rm  tim e  i n t e r v a l s ,  th e  p r e d ic t e d  P o is so n  s ta n d a r d  d e v ia t i o n  w ould 
b e  m = / ( 1 5 8 9 /7 )  = 1 5 .1 .  A s im p le  t e s t  o f  c o u n tin g  d a ta  i s  t o  com pute s 
from  th e  r e s i d u a l s  and from  m and se e  i f  th e y  a g re e .  I f  th e y  d is a g r e e  
a p p r e c ia b ly ,  t h i s  t e s t  does n o t  t e l l  a n y th in g  a b o u t t h e  s ig n i f i c a n c e  o f  
t h e  d is a g r e e m e n t .  The c h i - s q u a r e  t e s t ,  d i s c u s s e d  n e x t ,  i s  recommended as 
a  b e t t e r  t e s t .
9 .5  T H E  C H I-S Q U A R E  T E S T  O F GO OD N ESS O F FIT
P e a rs o n 's  c h i - s q u a r e  t o s t  d e te rm in e s  t h e  p r o b a b i l i t y  P t h a t  r e p e t i t i o n  
o f  th e  o b s e rv a t io n s  w ould show g r e a t e r  d e v ia t i o n s  from  th e  assum ed d i s ­
t r i b u t i o n  th a n  th o s e  o b se rv e d  in  th e  f i r s t  t r i a l .  The q u a n t i t y  c h i - s q u a r e  
i s  d e f in e d  a s  f o l lo w s :
Xz - (o b se rv e d  v a l u e ) i  -  ( e x p e c te d  v a l u e ) !  1 (9 .9 )
(e x p e c te d  v a lu e ) !
The d a ta  s h o u ld  b e  su b d iv id e d  in to  a t  l e a s t  f i v e  c l a s s i f i c a t i o n s  ( ! ) ,  eac h  
c o n ta in in g  a t  l e a s t  f i v e  e v e n ts .  In  th e  c o u n tin g  a p p l i c a t i o n ,  th e  e x p e c te d  
v a lu e  i s  th e  a v e ra g e  c o u n t o b se rv e d ,
The number o f  d e g re e s  o f  freedom  F i s  th e  num ber o f  g ro u p s  o f  d a ta  m inus 
t h e  number o f  im posed c o n d i t io n s .  F o r  t h e  P o is s o n  d i s t r i b u t i o n
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w here  11 i s  num ber o f  o b s e r v a t i o n s . The im posed condition is th e  s p e c i f i ­
c a t i o n  o f  m. I n  th e  c a s e  o f  t h e  no rm al d i s t r i b u t i o n ,  an a d d i t i o n a l  s p e c ­
i f i c a t i o n  i s  t h a t  o f  s ,  h e n ce  F = n -  2 .
From a know ledge o f  F  and X2 , com puted from  th e  e x p e r im e n ta l d a t a ,  t h e  
v a lu e  o f  P i s  o b ta in e d  by c o n s u l t in g  a ta b  la ,  o r  from  a g ra p h . The id e a l  
v a lu e  o f  P  i s  0 .5 .  & greater v a lu e  i n d i c a t e s  t h a t  t h e  f l u c t u a t i o n s  a re  
l e s s  th a n  one  w ould e x p e c t from  th e  assum ed d i s t r i b u t i o n .  I f  P l i e s  b e ­
tw e en  0 ,1  and  0 ,9 , .  i t  i s  g e n e r a l l y  assum ed th e  d i s t r i b u t i o n  c o rre sp o n d s  
t o  th e  o b se rv e d  o n e , b u t  i f  P i s  l e s s  th a n  0 .0 2  o r  g r e a t e r  th a n  0 .9 8 ,  t h e  
assum ed d i s t r i b u t i o n  i s  h ig h ly  u n l ik e ly .  I n  t h i s  e v e n t ,  i t  i s  a d v is a b l e  
to  r e p e a t  th e  o b s e rv a t io n s  o r  t o  exam ine th e  c o u n tin g  a p p a r a tu s  f o r  p o s ­
s i b l e  m a lf u n c t io n .
I t  i s  j u s t  a s  b a d  to  g e t  a  s e t  o f  d a ta  t h a t  i s  " to o  c o n s i s t e n t "  a s  i t  i s  
t o  g e t  i n c o n s i s t e n t  d a t a .  T h is  may in d i c a t e  f o r  exam ple t h a t  sp u r io u s  
p u ls e s  o f  a u n ifo rm  r a t e  a r e  m ixed in  w ith  th e  d e s i r e d  p u l s e s .  Too much 
i n c o n s is te n c y  (a  s m a ll v a lu e  o f  P) u s u a l ly  means i n s t a b i l i t y  o f  some 
com ponent su c h  a s  t h e  h ig h  v o l ta g e  s u p p ly . I t  can  a l s o  s im p ly  mean an 
u n lu c k y  r u n , w hich  s h o u ld  b e  k e p t  in  mind i f  th e  a p p a r a tu s  p e rfo rm s  s a t ­
i s f a c t o r i l y  a f t e r  one se em in s  m a lf u n c t io n .
I n  th e  exam ple  o f  P e a rs o n ’s  c h i - s q u a r e  t e s t  i n  F ig u re  22 on p ag e  76 , F=6 
and P = 0 ,6 , w h ich  i s  a  l i t t l e  c o n s i s t e n t  b u t  q u i t e  a c c e p ta b le .
9 .6  CH A U V EN ET’S C R IT E R IO N  FOR R E JE C TIN G  A READING
O c c a s io n a l ly  a  r e a d in g  i s  o b ta in e d  w h ic h , a lth o u g h  v a l i d  in  th e  norm al 
s e n s e  t h a t  no  m a lfu n c tio n  o c c u r re d  and th e  r e a d in g  may w e l l  b e  a member 
o f  th e  c o r r e c t  population, d e v ia te s  s o  much from  th e  mean t h a t  i t  ad ­
v e r s e ly  a f f e c t s  th e  o b se rv e d  m ean. The c r i t e r i o n  e s t a b l i s h e d  by C hauvenet 
s t a t e s  t h a t  su c h  a r e a d in g  i s  t o  b e  r e j e c t e d  i f  i t  h as  a d e v ia t i o n  g r e a t e r  
th a n  t h a t  c o rre s p o n d in g  to  t h e  l / 2n p r o b a b i l i t y  l im i t  ( th e  1 -  l / 2n  e r ­
r o r ) .  F o r exam ple in  a s e r i e s  o f  10 r e a d in g s ,  i t  x  - x* e x ce ed s  1 .9 6 s  ( th e
0 .9 5  e r r o r ) ,  t h a t  r e a d in g  s h o u ld  b e  r e j e c t e d ,  and th e  mean s h o u ld  b e  r e ­
com puted w i th  th e  r e a d in g  o m it te d  from  c o n s id e r a t io n .
9 .7  PR O PA G A TIO N  O F E RR O R S
When two q u a n t i t i e s  a re  com bined by a d d i t i o n  o r  s u b t r a c t i o n ,  th e  e r r o r  
o f  th e  sum o r  d i f f e r e n c e  i s  n o t th e  s im p le  sum o f  t h e  e r r o r s  o f  th e  i n ­
d iv id u a l  q u a n t i t i e s ,  b u t  i s  l e s s  th a n  t h a t  b e c a u se  o f  th e  p r o b a b i l i t y  t h a t  
t h e  e r r o r s  may p a r t i a l l y  c a n c e l .  The law o f  a d d i t io n  o f  in d e p e n d e n t e r r o r s
s = «/ ( s 1z + s 2z ) (9 .1 1 )
Statistics and Errors in Nuclear Measurements
w here  s  i s  t h e  q u o te d  e r r o r  and and a r e  t h e  i n d iv i d u a l  e r r o r s .
When q u a n t i t i e s  a r e  m u l t i p l i e d  o r  d iv id e d ,  t h e  f r a c t i o n a l  o r  p e r  c e n t 
e r r o r s  add q u a d r a t i c a l l y .  F o r exam ple  i f  100 ± 5  i s  d iv id e d  by 20 ±  2 t h e
5 ±  + 10% ')
=  5 ±  11.2%
9 .8  DEAD TIM E LO SSES
Type I  System s -  Type I  sy ste m s a r e  p a ra ly z a b le  s y s te m s . In  a p a r a ly z a b le  
sy s te m , a p h o to n  e n t e r in g  th e  sy stom  d u r in g  th e  de ad  tim e  o f  t h e  p re v io u s  
p h o to n  d e te c te d  w i l l  r e t r i g g e r  th e  dead  t im e .  ( c . f .  r e t r i g g a b l e  and 
n o n - r e t r i g g a b l e  m o n o s ta b le s , )  T hese  sy s te m s  c o u n t o n ly  i n t e r v a l s  w hich  
a r e  lo n g e r  th a n  th e  de ad  tim e  T . T hese  sy s te m s  a r e  n o t  used  in  i n d u s t r i a l  
a p p l i c a t i o n s .
Type I I  System s -  T hose  a re  n o n p a ra ly z a b le  s y s te m s ; i . e .  an im p u lse  a r ­
r i v i n g  d u r in g  a de ad  i n t e r v a l  c a n n o t i n s t i t u t e  a n o th e r  de ad  i n t e r v a l .  
S e lf - q u e n c h in g  GM c o u n te r s  a s  w e l l  a s  i o n i z a t io n  and s c i n t i l l a t i o n  
c o u n te r s  a re  members o f  t h i s  g ro u p . The t r u e  Im p u lse  r a t e  N i s  g iv e n  in  
te rm s  o f  th e  o b se rv e d  r a t e  n and th e  dead  tim e  T by
N = n / U  -  nT) ( 9 .1 2 )
9 .9  BA CKROUND CO U N TIN G  TIM ES
I f  i t  i s  p o s s ib l e  t o  c o u n t  th e  back ro u n d  r a d i a t i o n ,  i t  i s  p o s s ib l e  t o  f in d  
an optimum d iv i s io n  o f  tim e  b e tw een  back ro u n d  and sam ple  c o u n tin g . T h is  
how ever does n o t  a p p ly  t o  i n d u s t r i a l  a p p l i c a t i o n s  w here  i t  i s  n o t  p o s s ib l e  
t o  p e rfo rm  j u s t  back ro u n d  c o u n tin g  in  an o n - l i n e  in s t ru m e n t .
9 .1 0  T H E  CA SE  O F T H E  DECAYING SO U RCE
The m ethods d e s c r ib e d  h e re  assum e th e  s o u r c e  d i s i n t e g r a t i o n s  do n o t  d e ­
c r e a s e  a p p re c ia b ly  d u r in g  th e  c o u n tin g  p e r io d ,  i . e .  th e  c o u n tin g  p e r io d  
i s  v e ry  much lo s s  th a n  th e  h a l f  l i f e ,  as i s  u s u a l ly  t h e  c a se .
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9 .1 1  CO N CLU SIO N
S t a t i s t i c s  a r e  an  e s s e n t i a l  p a r t  o f  any n u c le a r  m easurem ent and  an 
u n d e rs ta n d in g  o f  s t a t i s t i c s  i s  e s s e n t i a l  when a n a ly s in g  r a d i a t i o n  m eas­
u re m e n t. I t  was shown t h a t  th e  s t a v i s t i c a l  e r r o r  can  ba  m in im ized  by o b ­
t a i n i n g  a s  h ig h  a c o u n t a s  p o s s ib l e  and" by a v e ra g ir .  t h e  c o u n t o v e r  as 
la r g e  a d a ta  s e t  a s  p o s s ib l e .  The s i z e  of t h e  c o u n t ar.d t h e  d a t a  s e t  m ust 
how ever b e  w eighed  a g a i s t  th e  r e sp o n se  tim e  o f  th e  m e te r .
T h is  c o n c lu d e s  t h e  rev ie w  o f  th e  b a s i c  t h e o r y  b e h in d  r a d i a t i o n  m easurem ent 
and i t s  a p p l i c a t i o n  t o  d e n s i ty  m easu rem en t. I n  o r d e r  t o  a p p ly  n u c le a r  
in s t ru m e n ts  an a p p r e c i a t i o n  o f  t h e  h e a l th  h a z a rd s  and a s s o c i a t e d  l e g a l  
r e q u ir e m e n ts  i s  e s s e n t i a l .  T hese  a s p e c ts  a r e  d is c u s s e d  in  th e  f o l lo w in g  
c h a p te r .
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1 0 .0  HEALTH PH Y S IC S AND LEGAL REG U LA TIO N S
1 0.1  INTR OD U CTIO N
Any in s t ru m e n t  o r  p ie c e  o f  equ ipm en t can  c o n s t i t u t e  a s  - io u s  h a z a rd  i f  
i t  i s  n o t  p r o p e r ly  u t i l i z e d ,  and n u c le a r  b a se d  in s t r u m e n ta t io n  i s  no 
d i f f e r e n t .  I f  t h e  c o r r e c t  p r e c a u t io n s  a r e  o b se rv e d  th e r e  i s  no r e a s o n  why 
n u c le a r  b a sed  in s t r u m e n ta t io n  s h o u ld  n o t  be a s  s a f e ,  o r  even  s a f e r  th a n  
much o f  t h e  equ ipm en t commonly e n c o u n te re d  in  any i n d u s t r i a l  e n v iro m e n t. 
I t  i s  t h e  p o t e n t i a l  h e a l th  h a z a rd  w hich  c a u se s  many to  sh y  away from  nu ­
c l e a r  in s t r u m e n ts ,  and i t  i s  in d e e d , t h i s  h e a l th  h a z a rd  w hich  le a d s  to  
t h e  u s e  o f  n u c le a r  b a se d  in s t ru m e n ts  b e in g  r e g u la te d  by law .
The in t e n t i o n  o f  t h i s  c h a p te r  i s  t o  o u t l i n e  t h e  p o t e n t i a l  t h r e a t  any n u ­
c l e a r  s o u r c e  im p o ses , t o  p r o v id e  a d v ic e  on th e  p r o t e c t i o n  o f  u s e r s  o f  
n u c le a r  so u r c e s  from  io n iz in g  r a d i a t i o n  and to  rev ie w  th e  l e g a l  r e q u i r e ­
m ents w h ich  m ust be  m et when n u c le a r  s o u r c e s  a r e  u se d .
Much o f  t h e  m a te r i a l  i s  ta k e n  from  a g u id a n c e  p ro d u ce d  by th e  P a p e r  and 
B oard  I n d u s t r y  (UK) A d v iso ry  C om m ittee (IAC) t o  a s s i s t  B r i t i s h  m i l l s  in  
m e e tin g  t h e i r  l e g a l  o b l ig a t io n s  and t o  a v o id  h e a l th  r i s k s .  T h is  m a te r ia l  
i s  n o t  l e g a l l y  b in d in g  b u t  i s  h ig h ly  recommended [P B I,1 9 8 3 ] . F o r  f u th e r  
in f o r m a tio n , T s o u lf a n id is [ 1 9 8 3 ]  g iv e s  a th o ro u g h  d is c u s s io n  on th e  c a l ­
c u l a t i o n  o f  d o se  r a t e s .
1 0 .2  HEALTH PH Y SIC S
H e a lth  P h y s ic s  i s  th e  d i s c i p l i n e  t h a t  c o n s i s t s  o f  a l l  t h e  a c t i v i t i e s  r e ­
l a t e d  t o  t h e  p r o t e c t io n  o f  in d iv i d u a l s  and th e  g e n e r a l  p u b l ic  from  p o ­
t e n t i a l l y  h a rm fu l e f f e c t s  o f  i o n iz in g  r a d i a t i o n .  I o n iz in g  r a d i a t i o n  comes 
from  two s o u r c e s :
1. N a tu ra l  o r  back ro u n d  r a d i a t i o n  t h a t  i s  o m it te d  by r a d io i s o to p e s  w hich 
e x i s t  on o r  i n s i d e  the. e a r t h ,  a s  w e l l  a s  r a d i a t i o n  in c id e n t  upon th e  
e a r th  from  o u te r  s p a c e . Humans h av e  been  exposed  t o  t h i s  n a t u r a l  r a ­
d i a t i o n  a s  long  a s  th e y  have  l iv e d  on p l a n e t .
2 .  Human-made r a d i a t i o n  w hich i s  e m it te d  by a l l  th e  r a d io i s o to p e s  t h a t  
have be en  p ro d u ce d  th ro u g h  n u c le a r  r e a c t i o n s  (m ain ly  f i s s i o n ) ,  as 
w e l l  a s  r a d i a t i o n  p roduced  by m ach ines u se d  in  m e d ic a l i n s t a l l a t i o n s  
( e . g .  x - r a y  m a ch in e s) o r  i n  s c i e n t i f i c  l a b o r a to r i e s  ( e . g .  a c c a l e r -
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H e a lth  p h y s ic s  i s  c o n ce rn e d  w i th  t h e  p r o t e c t io n  of p e o p le  from r a d i a t i o n .  
S in c e  th e  background r a d i a t i o n  has a lw ays been  on o u r  p l a n e t  a t  ab o u t th e  
same l e v e l  e v e ry w h e re , t h e r e  i s  n o t  much a h e a l th  p h y s i c i s t  can  do to  
p r o t e c t  i n d iv i d u a l s  o r  p o p u la t io n s  from  back ro u n d  r a d i a t i o n .  H ence, 
h e a l t h  p h y s ic s  i s ,  e s s e n t i a l l y ,  c o n ce rn e d  w ith  human-made r a d i a t i o n .
1 0 .3  E FFE C T  O F EX PO SU RE
E x p o su re  t o  i o n iz in g  r a d i a t i o n  can  r e s u l t  i n  i n t e r f e r e n c e  w ith  th e  
s t r u c t u r e  o f  atom s b e c a u se  o f  i o n i z a t i o n .  The e x te n t  o f  t h i s  depends on 
th e  d o se  r e c e iv e d ,  th e  ty p e  o f  r a d i a t i o n  and th e  e n e rg y  o f  r a d i a t i o n .  
I n  t h e  c a s e  o f  hum ans, su c h  e x p o su re  may r e s u l t  in  some atom s o f  th e  
m a t te r  c o n ta in e d  w i th in  human c e l l s  b e h a v in g  in  an abno rm al m anner, T h is  
c an  r e s u l t  i n  co m p le te  d e s t r u c t io n  o f  t h e s e  c e l l s  o r  i n t e r f e r e n c e  w ith  
t h e i r  no rm al m ethod o f  r e p r o d u c t io n .  7np.se e f f e c t s  a r e  te rm ed  s o m a tic .  
When l a r g e  num bers o f  c e l l s  a r e  d e s tr o y e d  th e  e f f e c t  can  u s u a l ly  b e  s e e n ; 
w here  t h e r e  i s  i n t e r f e r e n c e  w ith  norm al c e l l  r e p r o d u c t io n ,  t h e  e f f e c t  i s  
n o rm a l ly  lo n g  te rm  and can  r e s u l t  i n  t h e  developm en t o f  c a n c e r s .
When e x p o su re  t o  r a d i a t i o n  r e s u l t s  i n  c e l l s  n o t  re p ro d u c in g  th e m se lv es  
i n  an  i d e n t i c a l  fora, b e c a u se  th e  g e n e t ic ,  m a te r ia l  i s  a l t e r e d ,  th e  damage 
c an  r e s u l t  in  th e  d evelopm en t o f  h e r e d i t a r y  d e f e c t s  i n  s u b se q u e n t g e n e r ­
a t i o n s .  T h is  i s  te rm ed  th e  g e n e t ic  e f f e c t .  The s o m a tic  e f f e c t  th e r e f o r e  
c o n c e rn s  i n d iv i d u a l s ,  w h erea s th e  g e n e t i c  e f f e c t  i s  o f  co n ce rn  t o  s o c i e t y  
a s  a w ho le .
Gamma and X -ray  r a d i a t i o n  o f  s u f f i c i e n t  e n e rg y  can  p e n e t r a t e  and p a ss  
th ro u g h  th e  body when i t  i s  exposed  t o  su c h  r a d i a t i o n  s o u r c e s .  The h a z a rd  
i s  th u s  b o th  e x t e r n a l  and i n t e r n a l  and can be s o m a tic ,  and i f  t h e  r e p r o ­
d u c t iv e  o rg a n s  a r e  in v o lv e d  a g e n e t i c  r i s k .
B e ta  r a d i a t i o n  h a s  r e l a t i v e l y  l i t t l e  p e n e t r a t i n g  pow er and th e  h a z a rd  from  
s u c h  r a d i a t i o n  e x t e r n a l  t o  the . body i s  o n ly  t o  th e  s u r f a c e  a r e a s  and i s  
a  so m a tic  r i s k  o n ly . I n g e s t i o n ,  i n h a l a t i o n  o r  a b s o rp t io n  o f  th e  
b e t a - e m i t t i n g  su b s ta n c e  i t s e l f  i n to  t h e  body becomes an i n t e r n a l  e x p o su re  
h a z a rd  and can  b e  a s o m a tic  a n d , i n  some c a se s  a g e n e t i c  r i s k .
M ost a lp h a  r a d i a t i o n  i s  s to p p e d  c o m p le te ly  by th e  s k in  and th e r e f o r e  
p r e s e n ts  l i t t l e  o r  no e x t e r n a l  r a d i a t i o n  h a z a rd  and no e x t e r n a l  so m a tic  
r i s k .  As f o r  b e ta - e m i t t i n g  paiiciM, i n g e s t i o n ,  i n h a l a t i o n  o r  a b s o rp t io n  
o f  th e  a lp h a - e m i t t i n g  s u b s ta n c e  has b o th  a s o m a tic  and g e n e t i c  r i s k .
I t  i s  p r u d e n t t o  assum e t h a t  t h e r e  i s  some r i s k  from  any d o se  o f  r a d i a t i o n  
above th e  z e r o  l e v e l  and t h a t  r i s k s  t o  h e a l th  v a ry  w ith  th e  d o se  o f  r a ­
d i a t i o n  r e c e iv e d .  I t  i s  r e c o g n is e d  t h a t  exp ' s u r e  c o n t in io u s l y  a t  th e  r a t e  
o f  50 m i l H S ie v e r t  p e r  y e a r  ( S i e v c r t  (Sv) i s  a  m easu re  w h ich  q u a n t i f i e s  
t h e  e q u iv a le n t  a b so rb e d  d o s e . )  th ro u g h o u t t h e  w hole  o f  a p e r s o n 's  w ork ing  
l i f e  w ould le a d  to  an in c re a s e d  p r o b a b i l i t y  o f  th e  d evelopm en t o f  c a n c e r s .
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T V . ,
L e g i s l a t i o n  in  G re a t  B r i t a i n  h a s  fo llo w e d  th e  recom m endation  o f  th e  
I n t e r n a t i o n a l  Com m ission on R a d io lo g ic a l  P r o t e c t io n .  P e r so n s  l i a b l e  t o  
r e c e iv e  more th a n  15 m i l l i S i e v e r t s  p e r  y e a r  from  t h e i r  w ork e x p o su re  need  
t o  b e  d e s ig n a t e d  as c l a s s i f i e d  w o rk e rs  and a r e  th e n  s u b je c t  t o  m e d ic a l 
s u p e r v i s io n  and d o se  m o n ito r in g  th ro u g h o u t t h e i r  w ork ing  l i f e  i n  su c h  
em ploym ent.
1 0 .4  PR IN C IP L E S O F PR O TE C T IO N
1 0 .4 .1  B A SIC  C O N C E PTS
The b a s ic  c o n c e p t o f  r a d i o l o g i c a l  p r o t e c t i o n ,  and h e n ce  th e  r e g u la to r y  
c o n t r o l ,  i s  t o  keep  th e  r a d i a t i o n  d o se  a s  low as r e a s o n a b ly  p r a c t i c a b l e .  
M ethods o f  a c h ie v in g  t h i s  p r o t e c t io n  in c lu d e  minimum s o u r c e s ,  
c o l l im a t io n ,  maximum w o rk in g  d is t a n c e  from  s o u r c e  and a p p ro p ia te  s h i e ld -
The r a d i a t i o n  s o u r c e  s h o u ld  be  o f  th e  lo w e s t a c t i v i t y  and e n e rg y  n e c e s s a r y  
f o r  th e  in te n d e d  p u rp o se  ta k in g  i n t o  a c c o u n t t h e  p e rfo rm an c e  r e q u i r e d  and 
th e  need  t o  a v o id  r e p l a c i n g  s o u r c e s  t o  o f t e n .  Thu l a t t e r  can  r e s u l t  in  
u n n e c e s sa ry  f re q u e n t  e x p o su re .
A r a d i a t i o n  so u rc e  e m its  radiation in a l l  d i r e c t i o n s  and so  th e  s o u rc e  
h o ld e r  s h o u ld  b e  d e s ig n e d  to  e n su re  t h a t  r a d i a t i o n  i s  s h ie ld e d  o f f  e x c e p t 
i n  th e  d i r e c t i o n  o f  th e  "w indow ". T h is  r a d i a t i o n  sh o u ld  b e  a d e q u a te ly  
c o l l im a te d ,  t o  e n s u re  t h a t  i t  i s  d i r e c t e d  p u r p in d ic u la r  t o  t h e  window as 
a  u s e f u l  beam and a l ig n e d  s o  t h a t  i t  does n o t  sp re a d  a p p r e c ia b ly .  Note 
t h a t  when io n i z a t io n  cham bers a re  u se d  as d e t e c to r s ,  i t  i s  no rm al t o  have  
s e v e r a l  d e g re e s  d iv e rg e n c e  in  t h e  beam.
The r a d i a t i o n  s o u rc e  sh o u ld  be mounted a s  f a r  away as r e a s o n a b ly  p r a c t i ­
c a b le  from  any no rm al w ork ing  a r e a ,  and w h erev e r  p o s s ib l e  th e  beam d i ­
r e c t e d  away from  t h a t  s r e e ,  The radiation d o se  ( T s o u l f a n id is j1 9 6 3 J ) 
v a r i e s  w ith  th e  d i s t a n c e  from  th e  s o u rc e  a c c o rd in g  th e  in v e r s e  s q u a re  law . 
T h u s , i f  th e  d is t a n c e  i s  d o u b le d , th e  d o se  r a t e  i s  r e d u c e d  by a f a c to r
M ed ica l s u p e r v i s io n  i s  r e q u i r e d  in  c irc u m s ta n c e s  w here  th e  fo re g o in g  
m e thods o f  p r o t e c t i o n  c a n n o t c o n tin u e  to  be. p r o v id e d  d u r in g  m a in te n an c e , 
r e p a i r  o r  r e p la c e m e n t or1 th e  r a d i a t j .  n s o u r c e  e q u ipm en t. P e rso n s  who m ight 
a s  a r e s u l t  b e  exposed  d u r in g  t h a t  w ork t o  e r a d i a t i o n  d o se  o f  m ote th a n
7 .5  m ic r o S ie v e r t  p e r  h o u r  r e e d  t o  b e  made c l a s s i f i e d  w o rk e r s .
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C l a s s i f i c a t i o n  r e q u i r e s  th e  p e r s o n  t o  und erg o  s p e c i f i c  m e d ica l exam ina­
t i o n s  and  t o  w ear some form  o f  p e r s o n a l  d o se  m e te r . A h e a l th  r e g i s t e r  and 
d o se  r e c o rd  h av e  t o  b e  m a in ta in e d  f o r  eac h  c l a s s i f i e d  p e rs o n  and be 
a v a i l a b l e  f o r  in s p e c t io n  by t h a t  p e rs o n . The c l a s s i f i e d  p e r s o n  may be 
s u b je c t  t o  an a n n u a l m e d ic a l e x a m in a tio n  d e p e n d a n t upon th e  r a d i a t i o n  d o se  
b e in g  r e c e iv e d .  No c l a s s i f i e d  p e r s o n  s h o u ld  r e c e iv e  more th a n  50 
m i l l . iS i e v e r t  in  a y e a r  and r n r k i n g  m ethods and p ro c e d u re s  ne ed  t o  b e  e x ­
am in t . i  and  r e a p p r a is e d  w henever a  c l a s s i f i e d  p e rso n  re a c h e s  a 15 
m i l i i S i e v e r t  t o t a l  d o se .
1 0 .4 .2  WHAT AN EMPLOYER SHOULD DO
The P a p e r  and B oard I n d u s t r y  (UK) A dv iso ry  C om m ittee (IAC) recommends t h a t
th e  em p loyer s h o u ld  e n s u r t  t h a t :
1 . A s u i t a b l e  p a rso n  i s  a p p o in te d  and i s  r e a d i l y  a v a i l a b l e  t o  a d v is e  on 
r a d io l o g ic a l  p r o t e c t io n  and r e l e v a n t  l e g a l  r e q u i r e m e n ts .
2 . The m ost s u i t a b l e  so u rc e  o f  i o n iz in g  r a d i a t i o n s  f o r  t h e  p u rp o se  r e ­
q u i r e d  i s  u se d  and  t h a t  th e  minimum a c t i v i t y  com m ensurate w ith  s a t ­
i s f a c t o r y  econom ic  p e rfo rm an c e  i s  em ployed.
3 . The s o u r c e  o f  i o n iz in g  r a d i a t i o n  i s  s i t e d  a t  a  s u i t a b l e  p o s i t i o n  so 
a s  t o  r e s t r i c t  t h e  p o t e n t i a l  o f  e x p o su re  t o  os few p a rso n s  as i t  i s  
r e a s o n a b le  t o  a c h ie v e .
4 . Any s o u r c e  o f  i o n iz in g  r a d i a t i o n  i s  i n s t a l l e d  w i th  a d e q u a te  s h ie ld in g  
so  t h a t  d u r in g  no rm al use- no p e rso n s  a r c  exposed  t o  r a d i a t i o n .
5 . The equ ipm en t i s  p r o v id e d  w i th  s u i t a b l e  w arn in g  s ig n a l s  and n o t i c e s , 
i n te r lo c k e d  b a r r i e r s  and s h i e ld in g  a s  a p p ro p ia te  and t h a t  t h e s e  a re  
a l l  l e g u l a r l y  m a in ta in e d  in  an e f f i c i e n t  s t a t e ,
6 . T hose p e rso n s  who m ight b e  exposed  t o  io n i z in g  r a d i a t i o n s  d u r in g  
m a in te n an c e  w ork a r e  c l a s s i f i e d  and h av e  be en  s u b je c t  t o  m e d ica l e x ­
a m in a t io n , p r o v id e d  w ith  s u i t a b l e  d o se m ete rs  and t h a t  r e c o rd s  o f  
m e d ica l e x a m in a tio n s  s.id  any  r a d i a t i o n  d o se s  r e c e iv e d  a r c  m a in ta in e d .
7. P e rso n s  c o n d u c tin g  such  w ork a re  p r o v id e d  w ith  su c h  s h i e ld in g  a s  i s  
r e a s o n a b ly  p r a c t i c a b l e  f o r  their p r o t e c t io n  d u r in g  t h a t  w ork . They 
s h o u ld  a l s o  h av e  be en  in fo rm ed  o f  any r i s k  in v o lv e d . th e  p r e c a u tio n s  
to  b e  o b se rv e d  and th e  m ethods by w hich th e  w ork s h o u ld  b e s t  b e  c a r -
8 . A ll p e ro o n s  o p e r a t in g  vny m achine  o r  equ ipm en t in  w hich  a so u rc e  o f  
i o n iz in g  r a d i a t i o n  i s  i n s t a l l e d  have, been  in fo rm ed  o f  th e  p r e c a u t io n s  
ta k u n  and  i n s t r u c t e d  n o t  t o  m isu se  o r  i n t e r f e r e  w ith  t h e  e q u ip m e n t.
9 . S u i t a b l e  m o n ito r in g  equ ipm en t i s  p ro v id e d  o r  i s  r e a d i l y  a v a i l a b l e .
JO. Trie l o c a t i o n  o f  each  s o u r c e  o f  io n i z in g  r a d i a t i o n ,  t h e  ty p e  o f  r a d i ­
a t i o n ,  and i t s  a c t i v i t y  i s  a lw ays known by k e e p in g  an a p p ro p ia te  up 
t o  c ia te  r e c o rd  and th e  o p e r a t io n  o f  a c h ec k  p ro c e d u re .
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11 . The u se  and d is u s e  o f  i o n iz in g  r a d i a t i o n s  i s  n o t i f i e d  t o  th e  e n fo r c in g  
a u th o r i t y  and any  l o s s ,  le a k a g e  o r  damage o f  a s o u r c e  and any in c id e n t  
w here  a  p e rs o n  may h av e  be en  u n n e c e s s a r i ly  exposed  i s  n o t i f i e d  t o  th e  
a u th o r i t y  and p r o p e r ly  i n v e s t i g a t e d .
12 . C o n tin g en c y  p la n s  h av e  be en  made and a re  f a m i l i a r  t o  a l l  p e rs o n s  who 
n e e d  to  know, t o  c a t e r  f o r  a c c id e n t  s i t u a t i o n s  su c h  a s  f i r e ,  e x p lo s io n  
o r  im pact t h a t  may h av e  i n t e r f e r e d  w ith  t h e  i n t e g r i t y  o f  th e  so u rc e  
and  any s a f e t y  e q u ip m en t.
13 . P e rso n s  o th e r  t h a n  h . « em ployees a r e  n o t  p u t  t o  any r i s k  t o  t h e i /  
h e a l th  and  s a f e ty  a s  r e s u l t  o f  h i s  v s e  o f  i o n iz in g  r a d i a t i o n s .
1 0 .4 .3  WHAT AN EMPLOYEE SHOULD DO
The P a p e r  and B oard I n d u s t r y  (UK) A d v iso ry  Com m ittee (IAC) recommends t h a t
t h e  em ployee  sh o u ld :
1 . N ot i n t e r f e r e  o r  m isu se  any  s a f e t y  d e v ic e s  p ro v id e d  f o r  h i s  p r o t e c t io n
a g a in s t  e x p o su re  t o  io n i z in g  r a d i a t i o n s .
2 . R e p o r t im m ed ia te ly  t o  h i s  em p loyer any f a i l u r e  o f  an i n t e r l o c k  o r
w arn in g  s i g n a l ,  o r  damage lo any s h i e l d  o r  b a r r i e r .
3 .  Wear and u s e  w here  n e c e s s a r y  any  s a f e t y  e quipm ent p r o v id e d  f o r  h is
p r o t e c t io n .
4 .  O p era te  and u se  t h e  equ ip m en t o n ly  a s  i n s t r u c t e d .
1 0 .4 .4  WHAT AN SU P PL IE R  SHOULD DO
ThR P a p e r  and B oard I n d u s t r y  I'UK) A d v iso ry  C om m ittee (IAC) recommends t h a t  
t h e  s u p p l i e r ,  a&ent o r  i n s t a l l e r  sh o u ld :
1 . D eterm in e  th e  u s e  f o r  w hich  t h e  equ ipm en t i s  in te n d e d  and th e  p o s i t i o n  
a t  w hich  i t  i s  in te n d e d  to  b e  u se d .
2 . P ro v id e  t h e  m ost s u i t a b l e  s o u r c e  o f  io n i z in g  r a d i a t i o n s  f o r  th e  r e ­
q u i r e d  p u rp o se .
3 . P ro v id e  a n d /o r  i n s t a l l  th e  equ ipm en t w ith  a p p ro p ia te  s h i e ld in g ,  b a r ­
r i e r s ,  in t e r lo c k i n g  a rra n g e m e n ts ,  w arn in g  s ig n a l s  and n o t i c e s .
4 . A s c e r ta in  w here n e c e s s a r y  t h a t  th>_ equipm ent has  been  p r o p e r ly  i n ­
s t a l l e d .
5 . P ro v id e  in f o r m a tio n  and in s t r u c t i o n s  s o  t h a t  th e  equ ip m en t may be 
p r o p e r ly  u se d  w ith o u t  r i s k  t o  i o n iz in g  r a d i a t i o n s .
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11. The u se  and  d is u s e  o f  i o n iz in g  r a d i a t i o n s  i s  n o t i f i e d  t o  t h e  e n fo r c in g  
a u t h o r i t y  and any lo s s ,  le a k a g e  o r  damage o f  a  s o u r c e  and any in c id e n t  
w here  a  p e rs o n  may h av e  b e e n  u n n e c e s s a r i ly  exposed  i s  n o t i f i e d  t o  th e  
a u t h o r i t y  and p ro p er* -/ i n v e s t i g a t e d .
1 2 . C o n tin g en c y  p la n s  h av e  been  made and a r e  f a m i l i a r  t o  a l l  p e rso n s  who 
ne ed  to  know , t o  c a t e r  f o r  a c c id e n t  s i t u a t i o n s  su c h  a s  f i r e ,  e x p lo s io n  
o r  im p a c t t h a t  may h av e  in t e r f e r e d  w i th  t h e  i n t e g r i t y  o f  t h e  s o u rc e  
and any  s a f e t y  e q u ipm en t.
13 . P e r so n s  o th e r  th a n  h i s  em ployees a r e  n o t  p u t  t o  any r i s k  t o  t h e i r  
h e a l th  and s a f e t y  a s  a r e s u l t  o f  h i s  u s e  o f  i o n iz in g  r a d i a t i o n s ,
1 0 .4 .3  WHAT AN EMPLOYEE SHOULD DO
The P a p e r  and B oard I n d u s t r y  (UK) A d v iso ry  Com m ittee  (IAC) recommends t h a t
th e  em ployee  sh o u ld :
1. N ot i n t e r f e r e  o r  m isu se  any s a f e t y  d e v ic e s  p r o v id e d  f o r  h i s  p r o t e c t  Ion
a g a in s t  e x p o su re  t o  i o n iz in g  r a d i a t i o n s .
2. R e p o r t im m e d ia te ly  t o  h i s  em p loyer any  f a i l u r e  o f  an i n t e r l o c k  o r
w arn in g  s i g n a l ,  o r  damage t o  any s h i e ld  o r  b a r r i e r .
3 .  Wear and  u se  w here  n e c e s s a r y  any s a f e ty  equ ipm en t p r o v id e d  f o r  h i s  
p r o t e c t i o n .
4 . O p e ra te  and u se  t h e  equ ipm en t o n ly  as i n s t r u c t e d .
1 0 .4 .4  WHAT AN SU PPL IE R  SHOULD DO
The P a p e r  and  B oard I n d u s t r y  (UX) A d v iso ry  C om m ittee (IAC) recommends t h a t  
th e  s u p p l i e r ,  a g e n t  o r  i n s t a l l e r  sh o u ld :
1 . D e te rm in e  th e  u s e  f o r  w hich  th e  equ ipm en t i s  in te n d e d  and th e  p o s i t i o n  
a t  w h ich  i t  i s  in te n d e d  t o  b e  u se d .
2 . P ro v id e  th e  m ost s u i t a b l e  s o u r c e  o f  io n i z in g  t i d i a t i o n s  f o r  t h e  r e ­
q u i r e d  p u rp o se .
3 .  P ro v id e  a n d /o r  i n s t a l l  t h e  equ ipm en t w ith  a p p ro p ia tc  s h i e ld in g ,  b a r ­
r i e r s ,  i n t e r lo c k i n g  a rra n g e m e n ts ,  w arn in g  s ig n a l s  and n o t i c e s .
4 .  A s c e r ta in  w here  n e c e s s a r y  t h a t  th e  equ ipm en t h a s  been  p r o p e r ly  i n ­
s t a l l e d .
5 .  P ro v id e  in f o r m a tio n  and in s t r u c t i o n s  so  t h a t  th e  e quipm ent may be  
p r o p e r ly  u se d  w ith o u t  r i s k  t o  i o n iz in g  r a d i a t i o n s .
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1 0 .5  LEGAL REQUIREM ENTS
C o n d i t io n s  f o r  t h e  a c q u i s i t i o n ,  p o s s e s s io n ,  d i s p o s a l ,  im p o r ta t io n ,  e x ­
p o r t ,  u s e  and conveyance  o f  r a d io a c t iv e  n u c l id e s  i n  S ou th  A f r ic a  a r e  
go v e rn e d  a t  p r e s e n t  by th e  A tom ic E nergy  A c t , 1967 (A ct 90 o f  1967).
The l a t e s t  c o n d i t io n s  go v e rn e d  by th e  a c t  a r e  c o n ta in e d  in  t h e  G overnm ent 
G a z e t te ,  No. 3 105 , o f  28 November 1980. I t  s h o u ld  b e  n o te d  t h a t  t h e  Act 
i s  s u b je c t  t o  change  and a s  su c h  i t  i s  th e  onus Of t h e  u s e r  o f  r a d io a c t iv e  
n u c l id e s  t o  b e  f a m i l i a r  w ith  t h e  l a t e s t  r e g u l a t i o n s .
The m a jo r  p o in t s  o f  note a r e : -
(N ote  t h a t  t h e s e  a re  o n ly  m a jo r p o i n t s ,  and  i t  a d v is a b l e  t o  c o n s u l t  t h e
l a t e s t  r e g u la t i o n s  b e f o r e  p u r c h a s in g  o r  u s in g  r a d io a c t iv e  m a t e r i a l . )
1 . A p e rm i t  m ust b e  o b ta in e d  t o  s t o r e  o r  u s e  r a d io a c t iv e  m a te r i a l s .
2 . S u i t a b l e  ( a s  d e te rm in e d  by  th e  a c t )  s to r a g e  m ust b e  a r ra n g e d .
3 . A r e s p o n s i b l e  p e rso n  and a l t e r n a tx  , -v th  d u t i e s  l a i d  down in  th e  a c t ,  
m ust b e  a p p o in te d . T h is  p e rs o n  s h a l l  i f  r e q u i r e d  b y  th e  B o a rd , su b m it 
h im s e l f  f o r  an e x a m in a tio n  o r  t e s t  V  th e  B oard .
4 . The c o n c e n t r a t io n s  o f  r a d i o a c t i v i t y  ir . , . i r  and  w a te r  t o  w hich  p e rs o n s  
a r e  ex p o sed , s h a l l  n o t  exceed  th e  v t. 'i „ d e te rm in e d  from  tim e  t o  tim e  
by  t h e  b o a rd .
5 . A p p lic a t i o n s  f o r  authority t o  u s e  r a d io a c t i v e  m a te r i a l  ( s e a le d  
s o u r c e s )  f o r  i n d u s t r i a l  ra d io g ra p h y  m ust b e  su b m i t te d  t o  t h e  Board 
o n  th e  d e s ig n a t e d  form .
6 . The h o ld e r  o f  th e  a u t h o r i t y  s h a l l  e n su re  t h a t  p e rm a n e n tly  b u i l t - i n  
s e a le d  so u r c e s  in  a p p a r a tu s  su c h  as e l im in a to r s  o f  s t a t i c  e l e c t r i c ­
i t y ,  l e v e l  g a u g e s , d e n s i ty  m e te r s  and  th ic k n e s s  gauges a r e  t e s t e d  f o r  
l e a k s  a t  i n t e r v a l s  n o t  e x c e e d in g  tw e n ty - f o u r  m onths and a l l  o th e r  
s e a l e d  s o u r c e s  L a s te d  a t  i n t e r v a l s  n o t  e x c e e d in g  s i x  m on ths . P a r t i c ­
u l a r s  o f  su c h  t e s t s  s h a l l  b e  e n te r e d  i n  t h e  s o u r c e  r e g i s t e r .
1 0 .6  EMERGENCY PRO CED URES
The em p loyer s h o u ld  make su c h  p la n s  a s  a r e  n e c e s s a r y ,  and e n su re  t h a t  th e  
a p p r o p ia te  s t a f f  a r e  made aw are  o f  them , and a l s o  h av e  any equipm ent 
n e c e s s a r y  t o  c a t e r  f o r  a f i r e ,  e x p lo s io n  o r  im p act a c c id e n t  in v o lv in g  a 
s o u rc e  o f  i o n iz in g  r a d i a t i o n .  T hese  p la n s  s h o u ld  b e  in  th e  form  o f  w r i t t e n  
p r o c e d u re s ,  r e g u l a r l y  u p d a te d .
The f o l lo w in g  m a t te r s  need  t o  b e  c o n s id e r e d  in  su c h  p l a n s :
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1. E x c lu s io n  from  th e  a re a  c o n ce rn e d  o f  a l l  p e rs o n s  e x c e p t  c l a s s i f i e d  
w o rk e rs  and p e rso n s  o th e rw is e  a u th o r i s e d .
2 . N o t i f i c a t i o n  to  th e  p e rso n  a p p o in te d  t o  a d v is e  on r a d i o l o g i c a l  p r o ­
t e c t i o n  o r  any o th e r  o r g a n iz a t io n  r e t a in e d  t o  a d v is e .
3 . M o n ito rin g  t o  d e te rm in e  th e  e x te n t  o f  th e  r a d i a t i o n  o r  c o n ta m in a te d
4 . P r o v is io n  o f  em ergency s h i e ld in g  in  t h e  form  o f  sa n d  b a g s , le a d  sh e e t  
o r  b a g s o f  le a d  s h o t .
5 . I d e n t i f i c a t i o n  o f  p e rs o n s  who m ig h t h a v e  be en  ex p o sed  t o  r a d i a t i o n  
o r  who m ig h t h av e  in g e s t e d ,  in h a le d  o r  o th e rw is e  a b so rb e d  r a d io a c t iv e  
m a te r i a l .
6 . M e d ica l e x a m in a tio n  o f  and th e  p r o v is io n  o f  b i o l o g i c a l  sam p les  from  
th o s e  c o n ce rn e d  i f  n e c e s s a r y .
7 . N o t i f i c a t i o n  o f  t h e  i n c id e n t  t o  th e  e n f o r c in g  a u th o r i t y .
1 0 .7  CO N CLU SIO N
An a p p r e c i a t i o n  o f  t h e  h e a l t h  h a z a rd s  and l e g a l  re q u ire m e n ts  r e l a t i n g  to  
t h e  u s e  o f  n u c le a r  d e n s i ty  g auges i s  e s s e n t i a l  t o  anybody c o n s id e r in g  th e  
a p p l i c a t i o n  o f  t h e s e  in s t ru m e n ts .  N u c le a r  b a se d  in s t ru m e n ta t io n  i s  su b ­
j e c t  t o  l e g a l  r e g u la t i o n  in  S ou th  A fr ic a  and th e  n e c e s s a r y  p ro c e d u re s  m ust 
be  fo llo w e d  b e f o r e  u s in g  su c h  in s t ru m e n ts . The tw o f a c t s  o f  m ost co n ce rn  
t o  th e  p r o s p e c t iv e  u s e r  i s  t h a t  a  p e rm i t m ust b e  'o b ta in e d  to  p o s s e s s  a 
n u c le a r  s o u r c e  and t h a t  a r e s p o n s ib le  p e rs o n  and  a l t e r n a t e  m ust b e  ap ­
p o in te d  t o  o v e rs e e  t h e i r  u s e .
The f a c t  t h a t  t h e s e  in s t ru m e n ts  a r e  r e g u la te d  by law , may seem to  im ply  
t h a t  t h e s e  in s t ru m e n ts  a r e  m ore  da n g ero u s th a n  o th e r  equ ipm en t commonly 
found  i n  an  i n d u s t r i a l  e n v iro m e n t. T h is  i s  i n  f a c t  n o t  th e  c a s e ,  and th e  
r e g u la t i o n s  a r e  p r im a r i l y  aim ed a t  m o n ito r in g  th e  l o c a t i o n s  o f  n u c le a r  
so u r c e s  i n  th e  c o u n try  and e n s u r in g  t h e i r  s a f e  d i s p o s a l .  The r e g u la t i o n s  
and s a f e ty  p r o c e d u re s  a re  no more o n e ro u s  th a n  th o s e  a p p ly in g  to  many 
o th e r  d a n g ero u s  c h e m ic a ls .
C h a p te r ’s  F iv e  t o  N ine  h av e  d is c u s s e d  th e  t h e o ry  o f  n u c le a r  r a d i a t i o n  
a p p l i c a b l e  t o  d e n s i ty  m easurem ent i n  a g e n e r a l  s e n s e .  The fo llo w in g  
c h a p te r  d is c u s s e s  t h e  a p p l i c a t i o n  o f  t h i s  th e o ry  in  com m erc ia l i n s t r u ­
m ents .
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1 1 .0  GAMMA RAY INSTRU M EN TS IN AN IN D U ST R IA L  E.NVIROMENT
11.1  IN TR O D U CTIO N
I n  t h i s  c h a p te r  gamma ra y  in s t ru m e n ts  i n  an  i n d u s t r i a l  environenk a r e  
d i s c u s s e d .  The in t e n t i o n  i s  t o  r e l a t e  t h e  m a te r i a l  in  t h e  e a r l i e r  ch ap ­
t e r s ,  i . e .  t h e  s u rv e y  asid s e l e c t i o n  o f  in s t ru m e n ts  f o r  th e  s l u r r y  m oni­
t o r i n g  sy s te m , t o  th e  t h e o r e t i c a l  m a te r i a l  g iv e n  in  t h e  l a t t e r  c h a p te r s  
t o g e th e r .
When an  in s t r u m e n ta t io n  e n g in e e r  p u rc h a s e s  a  d e n s i ty  o r  l e v e l  g a u g e , he 
t y p i c a l l y  o b ta in s  a  c o m p le te  u n i t .  I t  i s  now common f o r  m a n u fa c tu re rs  t o  
i n c lu d e  th e  h ig h  v o l ta g e  s u p p ly  and p r e a m p l i f i e r  f o r  th e  d e t e c to r  i n to  
t h e  d e t e c to r  h o u s in g . The s u p p l i e r  w i l l  su p p ly  a  r a d i a t i o n  s o u rc e  o f  a 
g iv e n  ty p e  and s t r e n g th  b a se d  on th e  b u y e rs  d a t a .  Thus i t  i s  d i f f i c u l t  
t o  know th e  t r a d e o f f s  made in  th e  s e l e c t i o n  o f  th e  in s t ru m e n t  com ponents 
and  th e  s u i t a b i l i t y  o f  t h e  in s t ru m e n t  t o  d i f f e r e n t  p ro c e s s  c o n d i t io n s ,  
e . g .  a  change  i n  p r o c e s s  m a te r i a l .
To e n a b le  th e  u s e r  o f  n u c le a r  gauges t o  g a in  a  b e t t e r  u n d e rs ta n d in g  o f  
t h e  a b o v e, t h i s  c h a p te r  d i s c u s s e s  a p p l i c a t i o n s  o f  n u c le a r  gauges and  g iv e s  
some i n s i g h t  i n t o  th e  t r a d e o f f s  made by  th e  s u p p l i e r  when s p e c i f y in g  an 
in s t ru m e n t  t o  s u i t  a  c u s to m e rs  a p p l i c a t i o n .
1 1 .2  IN D U ST R IA L  INSTRU M EN TS
I n d u s t r i a l  in s t r u m e n ta t io n  b a se d  on gamma r a d i a t i o n  i s  becom ing  w id e ly  
a c c e p te d  in  s e v e r a l  i n d u s t r i e s  su c h  a s  m in in g , p e tro le o u m  and th e  c h em ic a l 
i n d u s t r y .  T h e i r  p r im a ry  a d v a n ta g e s  a r e  t h a t  th e y  a re
N o n -c o n ta c tin g .
M ain te n an c e  f r e e .
3 . R e l ia b le .
4 . A c c u ra te .
5 . S im ple  t o  c a l i b r a t e .
6 . Clamp-on. i n  many c a s e s .
D e s p i te  t h e i r  d is a d v a n ta g e s  (m ain ly  c o n c e rn in g  th e  h e a l th  h a z a rd  i f  im­
p r o p e r ly  u s e d , and th e  a s s o c i a t e d  l e g a l  r e g u l a t i o n s ) ,  th e y  w i l l  c o n tin u e  
t o  be  w id e ly  u se d  and w i l l  come to  d o m in a te  t h e i r  s p h e re  o f  a p p l i c a t i o n .
Gamma Ray Instruments in an Industrial Enviroment
A ll  n u c le a r  in s t ru m e n ts  a r e  b a se d  on th e  a t t e n u a t io n  o f  th e  gamma-ray 
p h o to n s  a s  th e y  p a s s  th ro u g h  th e  m a te r i a l .  The a t t e n u a t io n  i s  governed  
by th e  e q u a t io n
1 = lo .e x p ( - U .L )  ( 11 . 1)
w here  l o  i s  th e  number o f  gamma p h o to n s  e m it te d  by  th e  s o u r c e  and  I  th e  
number o f  gamma p h o to n s  r e a c h in g  th e  d e t e c to r .  L i s  t h e  p a th le n g th  o f  th e  
gamma r a y s  in  th e  m a te r i a l .  U i s  th e  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t  and 
i s  th e  p r o d u c t  o f  m a te r i a l  d e n s i ty  and th e  mass a b s o r p t io n  c o e f f i c i e n t .  
U i s  a l s o  t h e  p r o b a b i l i t y  o f  a  gamma pho ton  p a s s in g  th ro u g h  th e  m a te r i a l .  
Thus f o r  any num ber o f  gamma p h o to n s  ( l o )  e m it te d  by  th e  s o u r c e , th e r e  
i s  a lw ays some p r o b a b i l i t y  U, go v e rn e d  by th e  ty p e  o f  m a te r i a l ,  t h a t  I  
gamma p h o to n s  w i l l  p a s s  th ro u g h  th e  m a te r i a l .  (See C h a p te r  6 . )  Thus any 
change in  th e  m a te r ia l  o r  i t s  d e n s i ty  o r  t h e  p a t t i le n g th  can b e  d e te c te d .  
T h e re fo re  t h e  f o l lo w in g  m easu rem en ts (am ongst o th e r s )  a r e  p o s s ib l e :
1 . The d e n s i ty  o f  th e  m a te r ia l  i f  th e  p a th le n g th  is f i x e d .
2 . The th i c k n e s s  o f  th e  m a te r ia l  i f  t h e  d e n s i ty  i s  f i x e d .
3 . The s o l i d s  c o n te n t  o f  a  s l u r r y ,  a s  d e n s i ty  v a r i e s  w ith  c o n c e n t ra t io n .
1 1 .3  FA C TO R S INFLU EN CIN G  D E N SITY  MEASUREMENT
A lthough  o n ly  th e  f a c t o r s  i n f lu e n c in g  d e n s i ty  m easurem ent w i l l  b e  
d is c u s s e d ,  th e  p r i n c i p l e s  a p p ly  t o  a l l  th e  i n d u s t r i a l  a p p l i c a t i o n s ,  t/hen 
a  u s e r  buys a n u c le a r  d e n s i ty  g a u g e , th e  s u p p l i e r  w i l l  r e q u e s t  c e r t a i n  
in f o r m a tio n  and w i l l  s u p p ly  an in s t ru m e n t  t o  m eet th e  s p e c i f i e d  r e q u i r e ­
m e n ts . I n  m ost c a se s  a l l  th e  u s e r  th e n  h a s  t o  do i s  i n s t a l l  t h e  m e te r  and 
c a l i b r a t e  i t .  The in t e n t io n  o f  t h i s  s e c t i o n  i s  t o  i n d i c a t e  th e  t r a d e o f f s  
made in  s p e c i f y in g  an in s t ru m e n t .  T h is  w i l l  p ro v id e  a means o f  ju d g in g  
th e  d i f f e r e n c e  be tw een  two m a te rs  s p e c i f i e d  by d i f f e r e n t  s u p p l i e r s ,  o r  
t o  ju d g e  th e  d i f f e r e n c e  in  two p r o d u c ts  from  th e  same m a n u fa c tu re r .
I n  a n u c le a r  d e n s i ty  gauge th e  f o l lo w in g  f a c to r s  a f f e c t  t h e  pe rfo rm an c e  
of t h e  m e te r ;
1. The ty p e  o f  s o u r c e  w hich  a f f e c t s  t h e  p e n e t r a t i o n  c a p a b i l i t y  and th e  
l i f e  o f  t h e  s o u r c e  ( h a l f - l i f e ) .
2 . The ty p e  i f  d e t e c to r  w hich  in f lu e n c e s  t h e  s o u rc e  s t r e n g th .
3 . The h e a l th  h a z a rd  w hich  l im i t s  th e  s o u r c e  s t r e n g th .
4 .  The r.econdazy e l e c t r o n i c s  w hich  in f lu e n c e s  th e  p e rfo rm a n c e  o f  th e
D e n s i ty  m easurem ent i n  s l u r r y  p ip e l in e s  i i .  b a se d  on Eq. 11 .1  w ith  L b e in g  
f i x e d  and U v a ry in g  w i th  th e  d e n s i ty .  In  o r d e r  t o  d e te rm in e  th e  d e n s i ty  
t h e  f o l lo w in g  m ust b e  known:
1. The v a lu e  o f  l o .
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2 . The a t t e n u a t io n  ( i . e .  I / I o )  a s  a f u n c t io n  o f  d e n s i ty .
F i r s t  c o n s id e r  th e  d e te c te d  gamma p h o to n s  I ,  i . e .  t h e  p h o to n s  p a s s in g  
th ro u g h  th e  m a te r i a l .  The v a lu e  o f  I  h a s  a s t a t i s t i c a l  v a r i a t i o n  ow ing 
t o  t h e  s t a t i s t i c a l  n a tu r e  of th e  e m it te d  p h o to n s  l o .  I n  o r d e r  t o  o b ta in  
an a c c u r a te  and  r e p e a ta b le  m easurem ent i t  i s  n e c e s s a r y  t o  m in im ize  th e  
r e l a t i v e  <srror o f  I .
an s t a t i s t i c s  ( c h a p te r  9), it was shown t h a t  th e  s ta n d a r d  
P o is so n  d i s t r i b u t i o n ,  (w hich  g o v e rn s r a d io a c t iv e  d ecay )
w here  m i s  t h e  mean. I t  was a l s o  shown f o r  a s e t  o f  m easu rem en ts , th e  
s ta n d a r d  d e v ia t i o n  of th e  o b se rv e d  mean Sffl, i s  g iv e n  by th e  r e l a t i o n
e = E / I a v  (1 1 .4 )
w here  B = s / / n  (1 1 .3 )
b u t  s = la v  ( 1 1 . 2)
th e r e f o r e
*1 =  ( l / / ( I a v . n ) ) 1 0 0  ( 1 1 .5 )
E g. 1 1 .5  shew s t h a t  th e  r e l a t i v e  e r r o r  c an  b e  red u c ed  in  two ways;
1 . By in c r e a s in g  th e  a v e ra g e  co u n t ( l a v ) .
2 . By in c r e a s in g  th e  s i z e  o f  th e  d a ta  s e t  ( n ) .
T he a v e ra g e  c o u n t depends on th e  co u n t r a t e  and th e  p e r io d  o f  c o u n tin g . 
I t  h a s  an u p p e r  l i m i t  d e te rm in e d  by th e  o v e rf lo w  v a lu e  o f  th e  c o u n te r .  
The c o u n t r a t e  i s  l im i t e d  by th e  maximum c o u n t r a t e  o f  f i e  d e t e c to r ,  w hich 
i s  d e te rm in e d  by th e  d e t e c to r  dead  t im e , and th e  so u rc e  s i z e  w hich  has 
an u p p e r  l i m i t  d e te rm in e d  by th e  h e a l th  h a z a rd , i . e .  l a r g e r  so u r c e s  r e ­
q u i r e  t h i c k e r  s h i e ld in g .  The c o u n t p e r io d  and th e  d a ta  s e t  s i z e  i s  l im i te d  
by th e  r e s p o n s e  tim e  o f  th e  m e te r ,  i . e .  th e  lo n g e r  t h e  c o u n t p e r io d  o r  
th e  g r e a t e r  t h e  d a ta  s e t  th e  lo n g e r  th e  r e sp o n se  tim e  o f  th e  m e te r .
The mean c o u n t v a lu e  i s  a l s o  in f lu e n c e d  by th e  ra n g e  o f  m easurem ent r e ­
q u i r e d .  To in c r e a s e  th e  s e n s i t i v i t y  o f  th e  m e te r  th e  d i f f e r e n c e  betw een  
th e  maximum and minimum c o u n t v a lu e s  o v e r  t h e  g iv e n  d e n s i ty  ran g e  m ust 
b e  as la r g e  a s  p o s s ib l e ,
The s o u r c e  s i z e  w h ich  d e te rm in e s  l o  i s  in f lu e n c e d  by f o u r  main f a c to r s  
and  i s  g iv e n  by th e  r e l a t i o n
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lo  = I /(A .a .S A .H L ) ( 1 1 .6 )
A i s  t h e  a b s o rp t io n  f a c t o r .  F o r  a r e q u i r e d  d e te c te d  c o u n t v a lu e ,  th e  
d e te c te d  c o u n t v a lu e  m ust b e  In c r e a s e d  by th e  a b s o rp t io n  f a c t o r  t o  
obtain th e  s o u r c e  c o u n t .
n i s  th e  e f f i c i e n c y  o f  t h e  d e t e c t o r . F o r  any num ber o f  p h o to n s  s t r i k i n g  
th e  d e t e c to r  o n ly  a  c e r t a i n  f r a c t i o n  w i l l  b e  d e t e c t e d .  To com pensa te  
f o r  t h i s  t h e  s o u r c e  m ust b e  in c re a s e d  p r o p o r t i o n a l l y -  T h is  e f f e c t  
can  b e  red u c ed  by u s in g  a d e t e c to r  w ith  th e  h ig h e s t  p o s s ib l e  e f f i ­
c ie n c y .
SA i s  t h e  s o l i d  a n g le  f a c t o r . S in c e , t h e  s o u rc e  e m its  r a d i a t i o n  in  a l l  
d i r e c t i o n s , th e  s o u r c e  i s  s h ie ld e d  in  a l l  d i r e c t i o n s  e x c e p t th e  d i ­
r e c t i o n  o f  t h e  d e t e c t o r  i n  o r d e r  t o  p r e v e n t  s t r a y  r a d i a t i o n  and 
M inim ize  th e  h e a l th  h a z a rd . F o r  h ig h  e f f i c i e n c y  d e t e c to r s  su c h  as 
s c i n t i l l a t i o n  c o u n te r s  t h e  e m it te d  r a d i a t i o n  i s  c o l l im a te d  i n to  a 
s in g l e  beam. For low e f f i c i e n c y  d e t e c to r s  su c h  as i o n i z a t i o n  cham­
b e r s  t h e  beam i s  a llo w ed  t o  d iv e rg e  s l i g h t l y  t o  in c r e a s e  th e  number 
o f  d e te c te d  p h o to n s .
HL i s  t h e  h a l f  l i f e  f a c t o r .  B ecause  th e  number o f  d i s i n t e g r a t i o n s  
e m it te d  by th e  so u rc e  h a lv e s  o v e r  th e  h ' t l f - l i f e  p e r io d ,  th e  s i z e  o f  
th e  s o u rc e  m ust be i n c re a s e d  i n i t i a l l y  t o  m a in ta in  t h e  d e s i r e d  c o u n t 
r a t e  a t  t h e  end o f  i t s  u s e f u l  l i f e .  F o r exam ple , assum e th e  l i f e  o f  
th e  m e te r  i s  f i v e  y e a r s .  F o r  a C o b a lt-6 0  s o u rc e  w hich  h a s  f i v e  y e a r  
h a l f - l i f e  th e  s i z e  o f  th e  so u rc e  w ould have  to  b e  d o u b le d  to  e n su re  
t h e  r e q u i r e d  c o u n t a f t e r  f i v e  years. For Cdesiuci-137  w hich  h a s  a  30 
y e a r  h a l f - l i f e  th e  s i z e  w ould o n ly  h a v e  t o  in c re a s e d  by a f a c t o r  o f
The a t t e n u a t io n  as a f u n c t io n  o f  d e n s i ty  i s  g iv e n  by Eq. 1 1 .1 . To c a l c u l a t e  
t h e  d e n s i ty  d i r e c t l y  from  t h i s  e q u a t io n  w ould r e q u i r e  a know ledge o f  U 
and th e  a b s o lu te  v a lu e  o f  l o .  B ecause  t h e s e  q u a n t i t i e s  a re  n e v e r  known 
e x p l i c i t l y ,  th e y  a r e  " c a l c u l a t e d "  by c a l i b r a t i n g  t h e  m e ta r  a g a in s t  one 
o r  s e v e r a l  known r e f e r e n c e  v a l u e s . I n  some c a s e s  t h e  c a l i b r a t i o n  c u rv e  
i s  com pu ter g e n e r a te d  by th e  m a n u fa c tu re r  a c c o rd in g  to  th e  c l i e n t s  s p e c ­
i f i c a t i o n s .  The s o u r c e  d ecay  m ust a l s o  bo com pensa ted  f o r .  T h is  e i t h e r  
done a u to m a t ic a l ly  o r  by p e r io d i c  r e c a l i b r a t i o n .
1 1 .4  SP E C IFY IN G  A N UCLEAR D E N SITY  GAUGE
A n u c le a r  d e n s i ty  gauge  c o m p rises  o f  a s o u r c n , a  d e t e c t o r ,  a  m ounting  
b r a c k e t  and a s s o c i a te d  e l e c t r o n i c s . A p a r t i c u l a r  gauge w i l l  u se  a p r e d e ­
te rm in e d  d e t e c t o r ,  m oun ting  b r a c k e t  and e l e c t r o n i c s ,  th u s  th e  s p e c i f i c a ­
t i o n  o f  t h e  gauge b o i l s  down t o  th e  s e l e c t i o n  o f  ty p e  and s i z e  o f  so u rc e .
The m a jo r i ty  o f  m a n u fa c tu re rs  p ro v id e  m oun ting  b r a c k e ts  o f  v a r io u s  s iz e s  
a llo w in g  th e  u s ? r  t o  clam p th e  d e n s i ty  gauge  on t o  c o rr e s p o n d in g ly  s iz e d
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p ip e s .  One m a n u fa c tu re r ,  nam ely  K rohne, m ounts t h e  d e n s i ty  gauge o n to  a 
s e c t i o n  o f  p ip e  w hich  m ust th e n  be i n s e r t e d  i n to  t h e  sy s te m .
1 1 .4 .1  TH E  N UCLEAR SOURCE
The s p e c i f i c a t i o n s  o f  t h e  s o u r c e  s i z e  m ust b e  done by  th e  s u p p l i e r  b a sed  
on th e  c l i e n t ' s  d a t a .  The p r im a ry  o b je c t i v e  i s  t o  m in im ize  t h e  so u rc e  s i z e  
and C harby th e  h e a l th  h a z a rd . The s o u r c e  s i z e  i s  a  t r a d e o f f  be tw een  th e  
h e a l th  h a z a rd  and  th e  a c c u ra c y , r a n g e a b i l i t y  and l i f e - t i m e  o f  t h e  m e te r . 
The s o u r c e  s i z e  and h ence  th e  h e a l th  h a z a rd ,  can  b e  re d u c e d  by u s in g  
s c i n t i l l a t i o n  c o u n te r s  r a t h e r  th a n  io n i z a t io n  cham bers as d e t e c to r s ,  In  
o r d e r  t o  in c r e a s e  th e  a c c u ra c y  as h ig h  a mean c o u n t a s  p o & sib le  as p o s ­
s i b l e  m ust b e  o b ta in e d ,  b u t  th e  v a r i a t i o n  in  t h e  c o u n t m ust b e  la r g e  
enough t o  e n su re  s u f f i c i e n t  s e n s i t i v i t y  o v e r  th e  m e a su r in g  ra n g e , To i n ­
c r e a s e  th e  l i f e t i m e  o f  t h e  m e te r  th e  h a l f - l i f e  o f  t h e  s o u rc e  m ust b e  as 
lo n g  a s  p o s s ib l e ,  A lo n g e r  h a l f - l i f e  a l s o  r e s u l t s  i n  a  s m a lle r  i n i t i a l  
s o u r c e  s i z e  a s  th e  s i z e  i s  c hosen  to  g iv e  a s u f f i c i e n t  c o u n t r a t e  a t  th e  
end o f  th e  m e te r  l i f e .
The ty p e  o f  s o u r c e  u se d  i s  d e p en d a n t on  i t s  p e n e t r a t i o n  a b i l i t y ,  and  i t s  
h a l f - l i f e .  T h ree  so u rc e s  a re  commonly u se d . A m eric ium -241 w hich  h a s  a  low 
p e n e t r a t i o n  c a p a b i l i t y  (0 .0 6 0  MeV r a d i a t i o n ) ,  b u t a lo n g  h a l f - l i f e  (433 
y e a r s ) .  C aesium -137 w hich  h a s  a m o d e ra te  p e n e t r a t i n g  c a p a b i l i t y  (0 .6 6 2  
MeV r a d i a t i o n )  and h a l f - l i f e  (30 y e a r s )  and C o b a lt-6 0  w hich h a s  a h ig h  
p e n e t r a t i o n  c a p a b i l i t y  (1 .1 7  -  1 .3 3  MeV r a d i a t i o n )  b u t  short h a l f - l i f e  
(5 y e a r s ) .  A mercium-241 i s  se ldom  u se d  a s  i t  does n o t  have  s u f f i c i e n t  
p e n e t r a t i o n  f o r  m ost a p p l i c a t io n s .  C o b a lt-6 0  i s  n o t  u s u a l ly  u se d  i n  d e n ­
s i t y  gauges b e c a u se  o f  i t s  s h o r t  h a l f - l i f e ,  b u t i s  m ost commonly used 
in  l e v e l  gauge a p p l i c a t i o n s  w hich  h av e  lo n g  m e asu r in g  p a th s  and w here th e  
s h o r t  h a l f - l i f e  i s  n o t  a l i m i t i n g  f a c t o r .  I t  may b e  u s e d  in  d e n s i ty  gauge 
a p p l i c a t i o n s  f o r  h ig h  SG m a te r ia l s  and  lo n g  m e asu r in g  p a th s  a t  th e  ex p en se  
o f  f r e q u e n t  c a l i b r a t i o n .  C aesium -137 i s  t h e  m ost common in  d e n s i ty  gauge 
a p p l i c a t i o n s ,  b u t  may b e  u se d  in  l e v e l  m easurem ent f o r  low d e n s i ty  m a te ­
r i a l s  and s h o r t  m e asu r in g  p a th s .  The. h a l f - l i f e  o f  Caesium -137  (30  y e a r s )  
r e s u l t s  i n  a 3% e r r o r  a f t e r  one y e a r  i f  t h e  d ecay  i s  n o t  com pensa ted  f o r .
To c a l c u l a t e  th e  so u rc e  s i z e  from  th e  c l i e n t s  d a t a ,  m a n u fa c tu re rs  u se  
e m p ir ic a l  fo rm u lae  b a se d  on th e  above a s p e c t s ,  th e  c h a r a c t e r i s t i c s  o f  
t h e i r  own ha rd w are  and th e  c l i e n t s  s p e c i f i c a t i o n s .  The fo rm u lae  u se d  
d i f f e r  from  m a n u fa c tu re r  t o  m a n u fa c tu re r  and b a s i c a l l y  j u s t  c o n s i s t s  o f  
an e q u a t io n  t h a t  w orks and r e s u l t s  i n  a  s u i t a b l e  s p e c i f i c a t i o n .  I t  i s  th u s  
n o t  p o s s ib l e  t o  g iv e  an e q u a t io n  w hich  c an  b e  u se d  to  c heck  th e  s o u rc e  
s i z e  a g a in s t  any a p p l i c a t i o n .  The fo rm u lae  u se d  by a s p e c i f i c  m a n u fa c tu re r  
a r e  u s u a l ly  g iv e n  i n  t h e  m anual accom paning  th e  d e n s i ty  g a u g e . I f  i t  i s  
d e s i r e d  t o  change th e  a p p l i c a t i o n ,  th e s e  fo rm u lae  c an  be u se d  to  check  
th e  s u i t a b i l i t y  o f  th e  s o u r c e  t o  t h e  now a p p l i c a t i o n .
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1 1 .4 .2  T H E  D E T EC T O R
As was p r e v io u s ly  d is c u s s e d  (S ee  C h a p te r  7 and C h a p te r  8 ) t h r e e  ty p e s  o f  
d e t e c to r s  a r e  u se d .
1. The G e ig e r -M u e lle r  c o u n te r ,
The GM c o u n te r  h a s  a  lo n g  de ad  tim e  and i s  th u s  in a p p r o p ia le  i n  a c ­
c u r a te  c o u n tin g  a p p l i c a t i o n s .  GM c o u n te r s  a re  a p p l ie d  t o  s i t u a t i o n s  
su c h  a s  l e v e l  m e asu rem en t, w here  i t  i s  o n ly  n e c e s s a r y  t o  d e t e c t  th e  
a b sen c e  o r  p r e s e n c e  o f  r a d i a t i o n .
2 . The I o n iz a t io n  Chamber.
The io n i z a t io n  cham bers m ain a d v a n ta g e s  a r e  i t s  s im p l i c i t y  and r e l i ­
a b i l i t y .  However b e c a u se  i t  h as  a  low e f f i c i e n c y ,  t y p i c a l l y  1%, i t  
i s  g r a d u a l ly  been s u p e rse d e d  by th e  s c i n t i l l a t i o n  c o u n te r .
3 . The S c i n t i l l a t i o n  C o u n te r .
T he s c i n t i l l a t i o n  c o u n te r  i s  becom ing th e  p red o m in an t d e t e c to r  f o r  
c o u n tin g  a p p l i c a t i o n s  la r g e ly  due  t o  i t s  h ig h e r  e f f i c i e n c y  ( t y p i c a l l y  
be tw een  40% and 80%).
T 1 .4 .3  ANALOGUE O R D IG IT A L  SIG N A L  CO N D ITIO N IN G
The a s s o c i a te d  s ig n a l  c o n d i t io n in g  e l e c t r o n i c s  can  b e  e i t h e r  a n a lo g u e  o r  
d i g i t a l .  As opposed  to  p re v io u s  a n a lo g u e  b a se d  s y s te m s , r e c e n t l y  r e le a s e d  
d e n s i ty  g auges a re  now a l l  m ic ro p ro c e s s o r  b a se d . The d i f f e r e n c e s  a r e  b e s t  
d i s c u s s e d  by  c o n s id e r in g  th e  a p p l i c a t i o n  o f  eac h  ty p e  i n  c o m m erc ia lly  
a v a i l a b l e  m e te r s .
1 1 .4 .3 .1  A n a lo g u e  S ig n a l C o n d i tio n in g
I n  a n a lo g u e  s ig n a l  c o n d i t io n in g  th e  ou tp u t i s  'c a l c u l a t e d ' by means o f  
a n a lo g u e  s ig n a l  p r o c e s s in g .
As an exam ple o f  a n a lo g u e  s ig n a l  c o n d i t io n in g ,  c o n s id e r  th e  s ig n a l  
c o n v e r to r  u se d  in  th e  K rohne D e n s i ty  G au g e [K ro h n e ,1 9 8 4 ]. f i g u r e  23 on 
p ag e  n4 shows th e  b lo c k  w ir in g  d iag ram  f o r  th e  K rohne DH8Q R a d io m e tr ic  
D e n s i ty  m e te r .
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1 Radioactive source
2 Measuring section
3 Scintillation counter
4 High-voltage supply
5 Control amplifier
6 Receiver
7 Pulse shaper
8 Integrator
9 Zero suppression
10 Current output
11 Temperature compensation
12 Resistance thermometer Pt
13 Linearization urtN"
14 Automatic source decay
compensation unit'
15 Indicating instruments 
• (optional)
F ig u re  23. Krohnt- DH30 B lock W iring  D iagram
The m e asu r in g  head  fC i r .o r.ta in s  uhe p r e c i s io n  h ig h - te n s io n  g e n e r a to r  (4 ) 
f o r  th e  su p p ly  o f  th e  p h o to m u l t ip l i e r  (3 ) and s ig n a l  a m p l i f ie r  ( 5 ) ,  w hich 
com pensa tes  f o r  te m p e ra tu re  and a g e in g  e f f e c t s  upon th e  c o u n te r  tu b e . In  
a d d i t i o n ,  th e  m u l t i p l i e r  p u ls e s  a re  n o rm a lize d  izi th e  c o n t r o l  a m p l i f ie r  
and c o n d u c te d  a t  low im pedance to  th e  su b se q u e n t s ig n a l  c o n v e r te r .
In  th e  s ig n a l  c o n v e r to r  a S c h m it t- T r ig g e r  (6 ) r e g e n e r a t e s  t h e  incom ing 
p u ls e s .  The r e s u l t i n g  f a s t  r i s i n g  ndges t r i g g e r  a n o n o s ta b le  m u l t iv ib r a ­
t o r  (7 ) whose pulse- w id th  can  be a d ju s te d  to  com pensate  f o r  t h e  is o to p e  
d ecay  o r  te m p e ra tu re  e f f e c t s  (1 1 ) .  The i n t e g r a t o r  (8 ) c o n n ec ted  to  th e  
m o n o s tab lc  o u tp u t  c o n v e r ts  th e  v-’lc a g o - t im e - a r e a  o f  th e  p u ls e s  i n to  a 
d i r e c t  v o l ta g e ,  w here  any chosen  m e asu r in g  ran g e  can be s e t  by th e  
z e r o - s u p p r e s s io n  c i r c u i t  p o te n t io m e te r .  The d e n s i ty  p r o p o r t io n a l  o u tp u t 
v o l ta g e  o f  t h e  i n t e g r a t o r  i s  c rn v u r to d  in  th e  o u tp u t  s ta g e  (1 0 )  i n to  a 
d i r e c t  c u rc n t  o f  0 . .2 0  mA o r  4 . .2 0  mA.
The n o n - l i n e a r i t y  o f  th e  p u ls e  l a t a  change w ith  d e n s i ty ,  w h...n becomes 
p red o m in an t when th e  p r o d u c t o f  th e  d e n s i ty  t.hange tim es  m e asu r in g  le n g th  
becomes v e ry  la r g e ,  i s  s o lv e d  by th e  p lu g - in  l i n e a r i s a t i o n  (13 ) c i r c u i t .  
T h is  c i r c u i t  s im u la t e s  th e  e r r o r  fu n c t io n  a n d , by means o f  c o m p en sa tio n , 
r ed u c es  th e  m e asu r in g  e r r o r  t o  a v a lu e  w i th in  th e  m e asu rin g  to le r a n c e .
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Im p o r ta n t d is a d v a n ta g e s  o f  a n a lo g u e  e l e c t r o n i c s  in c lu d e  th e  fo l lo w in g
1 . A m a jo r l i m i t a t i o n  ia  t h a t  t h e  s i g n a l  c o n v e r to r  r e q u i r e s  f r e q u e n t  
c a l i b r a t i o n  a s  a  r e s u l t  o f  com ponent d r i f t  w ith  tim e .
2 . C a l ib r a t i o n  i s  a l s o  r e q u i r e d  t o  change  th e  e n g in e e r in g  u n i t s  o f  th e  
o u t p u t .
3 . A ll  x . l i m i t s ,  c a l i b r a t i o n  v a lu e s  and tim e  d e c a y , l i n e a r i z a t i o n  
and  te .  v r a t u r e  c o m p en sa tio n  v a lu e s  a r e  s e t  by p o te n t io m e te r s .  T h is  
m ethod i s  s u s c e p ta b le  t o  c a l i b r a t i o n  e r r o r s  and com ponent d r i f t .
1 1 .4 .3 .2  D ir  f  S ig n al C o n d i tio n in g
U n lik e  a n a lo g u e  s y s te m s , m ic ro p ro c e s s o r  b a se d  sy ste m s m a th m e tic a l ly  c a l ­
c u l a t e  th e  s p e c i f i c  g r a v i t y  u s in g  th e  t h e o r e t i c a l  e q u a t io n . As th e  system 
i s  m ic ro p ro c e s s o r  b a s e d , i t  a llo w s  f o r  g r e a t e r  f l e x i b i l i t y  and  th e  i n ­
c o r p o r a t io n  o f  e x t r a  f e a tu r e s .
As an exam ple  o f  d i g i t a l  s i g n a l  c o n d i t io n in g  c o n s id e r  t h e  s ig n a l  c o n v e r to r  
u se d  in  th e  MCI D i g i t a l  D e n s i ty  Gauge(MCI, 19B4J The MCI s ig n a l  c o n v e r to r  
c o n s i s t s  o f  two m id u ie s .
T he D e te c to r  M ic rop roc . s s o r  Module co m p rises  o f  a s c i n t i l l a t i o n  d e t e c to r  
t o  c o n v e r t  gamma ra y s  i n to  e 'e c t r i c a l  p u l s e s ,  and a m ic ro p ro c e s s o r  w ith  
i n p u t  c i r c u i t s  t o  r e c e iv e  th e  e l e c t r i c a l  p u l s e s ,  c a l c u l a t e  SG o r  p e rc e n t  
s o l i d s  and  p ro v id e  t h e  r e q u i r e d  o u tp u ts  t o  an  i s o l a t e d  4 -2 0  mA c u r r e n t  
lo o p  (and  o th e r  o u tp u t s ) .  The o p e ra t in g  prog ram  i s  s to r e d  in  ROM and op ­
e r a t i n g  c o n s ta n t s  a r e  st> re d  i n  n o n - v o la t i l e  RAM.
A com m unications m odule c o m p ris in g  o f  a k ey b o ard  and d i s p l a y  t o  a llo w  th e  
o p e r a to r  t o  com m unicate  w ith  th e  m ic ro p ro c e s s o r  i s  p r o v id e d .  A ll  commu­
n ic a t i o n s  w ith  th e  p r o c e s s o r  a r e  in  k e y -c o d ed  i n s t r u c t i o n s ,  e n te r e d  
th ro u g h  th e  k e y b o ard , T h ic  m odule i s  n o rm a l ly  l o c a te d  in s i d e  th e  
d e te c to r /m ic r o p r o c e s s o r  m odu le , b u t  i t  may b e  rem o te  i n  a s e p a r a t e  e n ­
c lo s u r e  .
The MCI d e n s i ty  gauge h a s  th e  fo l lo w in g  in p u ts  and o u tp u ts  :
1. A LCD d i s p l a y  w hich  c an  b e  s o t  to  d i s p l a y  c o u n t r a t e ,  SG o r  p e rc e n t
s o l i d s ,  o r  m ass f lo w ra te .
2 . A f u l l y  i s o l a t e d  4-20  roA o u tp u t  s e l e c t a b l e  b e tw een  SC and p e rc e n t
3 . A f u l l y  i s o l a t e d  4-20  mA o u tp u t  f o r  s o l i d s  m ass f lo w r a te .
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4 . A s e r i a l  c u r r e n t  lo o p  t o  d r iv e  an e x t e r n a l  d e v ic e .  T h is  o u tp u t  i s  
s e l e c t a b l e  be tw een  S G /p e rc e n t s o l i d . ' t n i  m ass f lo w r a te .
5 . A 4 -2 0  mA in p u t  from  an  e x t e r n a l  flow m ete.:.
The f o l lo w in g  c a l c u l a t i o n s  a r e  p e rfo rm ed  d u r in g  o p e r a t io n  o f  t h e  d e n s i ty
C a lc u la t io n  o f  S p e c ific  G ra v ity
The b a s ic  gamma r a y  a b s o r p t io n  e q u i t i e s  i s  -
I = lo .  ex p (-U . SG.Ii) ( 1 1 .7 )
I = s t r e n g th  o f  r a d i a t i o n  beam em erg ing  from  t h e  f l u i d ,
l o  = s t r e n g th  o f  r a d i a t i o n  beam e n te r in g  f l u i d .
U = Mass a t t e n u a t io n  c o e f f i c i e n t  f o r  f l u i d .
SG = SG o f  t h e  f l u i d .
L a  p a th  le n g th  o f  gamma ra y s  i n  t h e  f l u i d .
The MCI gauge does n o t  m easu re  th e  num ber o f  p u ls e s  e n t e r in g  th e  d e te c to r  
o v e r  a f ix e d  tim e  p e r io d ,  b u t  r a t h e r  m easu res th e  r ' t e  a t  w hich  p u ls e s  
a r e  d e te c te d .  T h u s , lo  i s  t h e  c o u n t r a t e  w ith  no f l u i d  p r e s e n t  and  I  th e  
co u n t r a t e  w ith  th e  f l u i d  p r e s e n t .  To m easure  th e  c v .n t  r a t e ,  th e  u s e r  
e n t e r s  th e  d e s i r e d  c o u n t (100 000 i s  recommended) t o  e n su re  an a c c e p ta b le  
s t a t i s t i c a l  d e v ia t i o n .  The gauge th e n  m easu res th e  tim e  ta k e n  to  r e a c h  
cus s p e c i f i e d  v a lu e  and c a l c u l a t e s  th e  cou n t r a t e  w hich  i s  th e n  u se d  in  
su b se q u e n t c a l c u l a t i o n s .  The p ro b lem  w ith  t h i s  te c h n iq u e  i s  t h a t  th e  
p e r io d  be tw een  m easurem ents i s  n o t  f i x e d .  As th e  f l u i d  d e n s i ty  in c re a s e s  
few er  gamma r a y s  w i l l  r e a c h  th e  d e t e c to r  and a  lo n g e r  tim e  p e r io d  w i l l  
b e  r e q u i r e d  t o  a cc u m u la te  th e  d e s i r e d  c o u n t .  The MCI gauge  a l s o  im p le ­
m ents a m oving a v e ra g e  o v e r  th e  l a s t  fo u r  m easu rem en ts . T h is  f u r t h e r  
r e d u c e s  th e  s ta n d a r d  d e v ia t i o n  and a ls o  s e rv e s  t o  sm ooth o u t  random 
f lu c t u a t i o n s  i n  t h e  s l u r r y  d e n s i ty .
I t  was shown in  s e c t i o n  3 o f  t h i s  c h a p te r  t h a t  t o  c a l c u l a t e  t h e  s p e c i f i c  
g r a v i t y  d i r e c t l y  from  th e  gamma ra y  a b s o rp t io n  e q u a t io n  r e q u i r e s  a know­
le d g e  o f  l o .  I n  th e  MCI g a u g e , l o  i s  n o t  m easu red  d i r e c t l y ,  b u t  i n f e r r e d  
from  a n o th e r  m easu rem en t. I t  i s  known t h a t  t h e  SG o f  w a te r  i s  1 . 
T h e r e fo r e ,  t o  c a l c u l a t e  l o  t h e  p ip e  i s  f i l l e d  w ith  w a te r  and th e  c o u n t 
r a t e  i s  m easu red . T h e re fo re  f o r  w a te r ,  u c in g  e q n . 1 1 .7  we have
Cw = C s.expC -U .L ) (1 1 .8 )
Cw -  c o u n t r a t e  f o r  p ip e  f i l l e d  w ith  w a te r
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Cs = C ount r a t e  f o r  em pty p ip e
R e a r ra n g in g  e q n . 1 1 .8  we h av e
Cs = Cw .exp(U .L) (1 1 .9 )
U sing  eqn . 1 1 .7  t h e  SG f o r  a  s l u r r y  i s  -
C s l =  C s .e x p ( -U .S G .l ) ( 1 1 . 10)
C s l = c o u n t r a t e  f o r  p ip e  f i l l e d  w i th  s l u r r y
S u b s t i t u t i n g  f o r  Cs u s in g  Eqn. 1 1 .9  we g e t  -
C s l = Cw.exp(U . L ) . exp  f -U . SG.L)
R e a rr .-a g in g  e q n . 1 1 .1 1  and s o lv in g  f o r  SG we g e t  -
S '’ = 1 + ( In  Cw - I n  C sl)/U L
Cw =  c o u n t r a t e  w ith  p ip e  f i l l e d  w ith  w a te r .
C sl = c o u n t r a t e  w ith  p ip e  f i l l e d  w i th  s l u r r y .
U ~ H ass a b s o r p t io n  c o e f f i c i e n t  f o r  t h e  s l u r r y .
SG = SG o f  t h e  s l u r r y .
L  = p a th  le n g th  o f  gamma r a y s  i n  th e  s l u r r y .
E qn . 1 1 .1 2  i s  th e  e q u a t io n  im plem ented  in  t h e  MCI d e n s i ty  g a u g e .
I n  o r d e r  t o  c a l c u l a t e  t h e  SG, th e  gauge m ust b e  s ta n d a r d is e d  on a p ip e  
f i l l e d  w ith  w a t e r . The c o u n t r a t e  f o r  t h i s  m e asu re n t i s  th e n  ta k e n  to  
b e  a c o n s t a n t , The c o u n t r a t e  can  how ever change  a s  a r e s u l t  o f  t h e  s o u rc e  
d e c a y , d i r t  b u i ld u p  on th e  w a l l s  ( d e c re a s e s  L) o r  w e a rin g  o f  th e  w a l ls  
( in c r e a s e s  L ) . T h e r e fo r e  t h e  gauge m ust b e  r e g u a r l y  r e - s t a n d a r d i s e d ,
So t h a t  i t  i s  a lw ays p o s s ib l e  t o  r e - s t a n d a r d i s e  th e  gauge w ith o u t h a v in g  
t o  r e - f i l l  t h e  p ip e  w ith  w a te r ,  t h e  c o n c e p t o f  s t a n d a r d i s i n g  w ith  t h e  p ip e  
em pty h a s  b e e n  in tr o d u c e d .  An a b s o rb e r  i s  i n s e r t e d  i n t o  th e  beam i n  th e  
s o u r c e  h o ld e r  when th e  l e v e r  i s  i n  t h e  STANDARDISE p o s i t i o n ,  and th e  c o u n t 
r a t e  f o r  th e  empty p ip e  i s  m easu red , T h is  i s  t h e  AIR-STANDARD c o u n t r a t e .  
T he m ic ro p ro c e s s o r  th e n  im p lem en ts  th e  e q u a t io n  -
Cw = S 2 .S 3 /S 2 (11.13)
Cw = c o r r e c te d  w a te r  c o u n t r a t e .
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51 = i n t i t i a l  m easurem ent o f  w a te r  c o u n t r a t e .
52 = I n i t i a l  m easurem ent o f  a i r  s ta n d a r d .
53 = l a t e s t  m easurem ent o f  a i r  s ta n d a r d .
I n  e f f e c t  t h e  w a te r  c o u n t r a t e  i s  s c a le d  a c c o rd in g  t o  t h e  change  in  th e  
a i r  c o u n t r a t e .  The i n i t i a l  a i r  c o u n t r a t e  and th e  i n i t i a l  w a te r  c o u n t 
r a t e  a r e  ta k e n  d u r in g  i n s t a l l a t i o n .
file  a u to m a t ic  s o u r c e  d e c a y  a l s o  o p e r a te s  on th e  S3 v a lu e .  T h is  v a lu e  i s  
d e c r e a s e d  by a  s m a ll  amount e v e ry  th r-ve d a y s . W henever a  new S3 v a lu e  
i s  e x t e r n a l l y  e n te r e d  th e  s o u rc e  d ecay  f a c t o r  i s  r e s t o r e d  t o  one and th e  
c o r r e c t io n  p r o c e s s  s t a r t s  anew.
C a lc u la t io n  o f  P e r  e n t  S o lid s
The m ic ro p ro c e s s o r  i s  programmed to  o u tp u t  p e rc e n t  s o l i d s  on r e q u e s t .
PS = 100 .SS ,(SG  -1 ) / (S G .(S S  -  1 ) )  (1 1 .1 4 )
PS =  p e r c e n t  s o l i d s  by  w e ig h t.
SS =  s p e c i f i c  g r a v i t y  o f  d ry  s o l i d s .
SG = s l u r r y  s p e c i f i c  g r a v i t y .
C a lc u la t io n  o f  S o lid s  M ass Flow .
The m ic r o p ro c e s s o r  i s  programmed t o  c a l c u l a t e  s o l i d  m ass f low  by a c c e p tin g  
a n  a n a lo g u e  *-20 mA in p u t  from  an  e x te r n a ]  flow  m e te r .
SF = F . (SG -  n .S S /< S S  -1 )  (1 1 .1 5 )
SF = s o l i d s  m ass flow  in  to n n o s /h r  
SG = s p e c i f i c  g r a v i t y  o f  s l u r r y .
SS = s p e c i f i c  g r a v i t y  o f  d ry  s o l i d s .
F = volum e flow  o f  s l u r r y  i n  c u .m /h r .  (from  e x te r n a l  f lo w m e te r .)
M ic ro p ro c e s so r  b a sed  s ig n a l  c o n d i t io n in g  h a s  s e v e r a l  a d v a n ta g e s  in c lu d in g  
th e  fo l lo w in g .
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1. B e ing  d i g i t a l  th e  m e te r  i s  f r e e  from  d r i f t  a s s o c i a t e d  w ith  a n a lo g u e  
co m p o n en ts .
2 . The t h e o r e t i c a l l y  e x a c t  d e n s i ty  e q u a t io n  i s  im p lem en ted  w i th  no r e ­
q u ire m e n ts  f o r  e x t r a s  such  a s  l i n e a r i s e r s  t o  p r o v id e  f o r  p r e c i s e  
o u tp u t . The c o n s ta n t s  i n  th e  fo rm u la  a r e  e a s i l y  a l t e r e d  to  a l l o y  f o r  
d i f f e r e n t  s e t t i n g s , T h is  w ould  n o t  r e q u i r e  r e c a l i b r a t i o n  a s  w ould  be 
t h e  c a s e  i n  an a n a lo g u e  sy s te m .
3 . I t  i s  s im p le  t o  c a l i b r a t e .  I n  many c a s e s  th e  c a l i b r a t i o n  c an  be 
p r e d i c t e d  e x a c t ly  i n  advance  o f  i n s t a l l a t i o n  a s  th e  v a lu e  o f  t h e  mass 
a t t e n u a t io n  c o e f f i c i e n t  can  b e  c a l c u l a t e d  from  a know ledge o f  th e  
p r o c e s s  m a te r ia l  and a l l  o t h e r  constants can  b e  o b ta in e d  from  th e  
c u s to m e rs  r e q u ir e m e n ts .
4 .  A d d it io n a l  f e a tu r e s  a re  e a s i l y  in c lu d e d . I t  i s  common f i r  m anu fac ­
t u r e s  t o  in c lu d e  a d i g i t a l  d i s p l a y  and mass f lo w  c o m p u ta t io n  c a p a ­
b i l i t y  i n t o  th e  m e te r .  The d a ta  c o n v e r to r  c an  a c c e p t  an a n a lo g u e  in p u t  
s ig n a l  from  a flow  m e te r ,  m u l t ip ly  t h e  f lo w  by SG, and  o u tp u t  s o l i d s  
m ass f lo w  on a s e p a r a t e  4 -2 0  mA i s o l a t e d  c u r r e n t  lo o p .
5 . A ll  r a n g in g ,  c a l i b r a t i o n ,  d i s p l a y  and a u to m a t ic  s o u r c e  d ecay  compen­
s a t io n  can  b e  done in  s o f tw a r e ,  th e re b y  e l im in a t in g  com plex and  f r e ­
q u e n t c a l i b r a t i o n .
6 . A l l  c o n s t a n t s ,  s ta n d a r d s  and  c o n t r o l  p a ra m e te r s  c an  b e  s e t  
in d e p e n d e n tly  and changed  a t  w i l l ,  u s in g  s im p le  k e y s t r o k e s  on th e  
m odule k e y p a d . O u tp u ts  o f  a l l  v a r i a b l e s  can  b e  a u to m a t ic a l ly  ran g e d  
o v e r  p r e s e t  ill-LO  v a lu e s . F o r  exam p le , assum e th e  SG ra n g e s  betw een
1 .0  and 1 .5 .  To s c a l e  th  o u tp u t  s o  t h a t  4  mA c o rre sp o n d s  t o  a SG 
o f  1 .0  and 20 mA t o  a SG o f  1 .5  t h e  u s e r  e n te r s  t h e  c o n s ta n t s  i n to  
t h e  m ic r o p ro c e s s o r  RAM by means o f  th e  key p ad . I f  t h e  p r o c e s s  i s  
changed  su c h  t h a t  t h e  u pper SG l i m i t  i s  now 2 .0 ,  t o  r e s c a l e  th e  o u tp u t  
t h e  u s e r  o n ly  has t o  r e - e n t e r  th e  u p p e r  c o n s t a n t .  T h is  i s  a  m ajor 
a d v a n ta g e  o v e r  an a n a lo g u e  in s t ru m e n t  w hich  w ould t y p i c a l l y  r e q u i r e  
c o s t l y  and  tim e  consum ing r e c a l i b r a t i o n .
7 . The p u ls e  c o u n tin g  p e r io d  i s  w a . i ly  a l t e r e d .  T h is  a l lo w s  c o u n tin g  
s t a t i s t i c s  can  be c o n t r o l l e d  by  r e q u i r in g  a  p r e s e t  number o f  c o u n ts  
t o  b e  a cc u m u lated  b e f o r e  eac h  c a l c u l a t i o n  o f  SS.
6 . P r e v io u s  counts c an  be s to r e d  and th u s  a d a ta  s e t  d e v e lo p e d . T h is
a l lo w s  random s h o r t  te rm  ch an g e s in  t h e  s l u r r y  d e n s i ty  t o  b e  sm oothed 
o u t ,  by o u tp u t t i n g  a  moving a v e ra g e  o v e r  th e  d a t a  s e t  and th e re b y  
in c r e a s in g  th e  a c c u ra c y  o f  th e  m e te r .
9 .  The dynam ic ra n g e  o f  th e  d e t a e r o r  i s  e x te n d e d  by  u s in g  th e  in ic to -  
p rocf"> sor t o  c o r r e c t  f o r  th e  dead  tim e .
10 . The gauge  c an  b e  o p e ra te d  a s  a d i g i t a l  r a te m e te r .  To do t h i s  t h e  gauge 
i s  p u t  i n t o  th e  r a te m e te r  mode and a  c o u n t l i m i t  e n te r e d ,  The tim e  
t o  r e a c h  th e  c o u n t l im i t  i s  m easu red  and th e  c o u n t r a t e  i s  c a l c u l a t e d  
and d is p l a y e d .
11 . A t e s t  s i g n a l  c an  b e  g e n e r a te d  i n t e r n a l l y  f o r  u s e  i n  c h ec k in g  o p e r-
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12. The p r in t e d  c i r c u i t  b o a rd s  can  b e  d e s ig n e d  f o r  f a u l t  f i n d in g  u s in g  
s ig n a tu r e  a n a ly s i s  te c h n iq u e s .
13 . I t  i s  p o s s ib l e  t o  in c o r p o r a te  FID c o n t r o l  w i th  th e  p a ra m e te r s  b e in g  
s e t  by a s u p e rv i s o ry  com pu ter.
1 1 .5  C O N SID E R A T IO N S IN D EN SITY  GAUGE A PP L IC A T IO N S
The f o l lo w in g  g u id e l in e s  m ust b e  b o rn e  i n  m ind when u s in g  d e n s i ty  
g a u g e s .[ W i l l ia m s ,1979]
1 . A ir  i n  l i n e .
A ir  b u b b le s  a r e  a  n u c le a r  g a u g e 's  W orst enemy a s  a i r  r e p r e s e n ts  an 
u n c o n t ro l le d  se co n d  v a r i a b l e  w ith  d r a s t i c a l l y  d i f f e r e n t  g r a v i t y  
(0 .0 0 1  SGU when r e l a t e d  t o  w a t e r ) .  E x trem e  c a r e  m ust b e  ta k e n  to  
e l im in a t e  a i r .  T h is  i s  im p o r ta n t when u s in g  c e n t r i f u g a l  pumps w hich 
o f t e n  suck  in  a i r  th ro u g h  th e  s e a l s .  T h is  p ro b lem  can  o f t e n  b e  e l im ­
i n a t e d  by d i r e c t i n g  a c o n tin u o u s  s tr e a m  o f  w a te r  o n to  th e  pump s h a f t
2 . F u l l  p ip e  f lo w .
The p ip e  m ust b e  f u l l  o f  p ro c e s s  m a te r i a l .  T h e re fo re  a d e s i r a b l e  l o ­
c a t io n  i s  u n d e r  a  p o s i t i v e  he ad  o r  w here  f low  i s  upw ard .
3 . S t r a t i f i c a t i o n .
I f  s e t t l i n g  o f  th e  s l u r r y  may o c c u r  b e s t  r e s u l t s  a r e  o b ta in e d  by  d i ­
r e c t i n g  th e  r a d i a t i o n  beam v e r t i c a l l y  in s t e a d  o f  a c r o s s  th e  p ip e ,  o r  
i n s t a l l i n g  a t  a  pump d is c h a - g e .
4 . Sam pling  m eans.
S in c e  sa m p lin g  i s  o f t e n  r e q u ir e d  f o r  c a l i b r a t i o n ,  i n t e l l i g e n t  i n ­
s t a l l a t i o n  o f  s a m p lin g  v a lv e ( s )  i s  n e c e s s a r y  in  th e  v i c i n i t y  o f  th e  
gauge, I f  s t r a t i f i c a t i o n  can o c c u r ,  multiple t a p s  a r e  d e s i r a b l e .
5 . B ypass v a lu in g  f o r  a g g lo m e ra tin g  s tr e a m s .
I f  th e  s l u r r y  h a s  s t i c k y  p r o p e r t i e s  p e r m i t t in g  b u i ld - u p ,  a  by p a ss  m ust 
b e  i n s t a l l e d  t o  a llo w  p e r io d i c  c le a n in g  a s  b u i ld - u p  on th e  p ip e  w i l l  
c au se  gauge c a l i b r a t i o n  changes and d r i f t .
6 . V ib r a t i o n
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When th e  gauge i s  lo c a t e d  v e ry  c ± use  t o  a  h e a v i ly  v i b r a t i n g  pump o r  
c o m p re s so r , m a n u fa c tu re rs  may re c o m e n d  n e o p re n e  j a c k e t in g  o r  t h e  
l i k e  t o  r e d u c e  ham m ering . However v i b r a t i o n  m ust b e  s e v e r e  t o  r e q u i r e
7 . C o r ro s io n  in  p ip e .
C hanges i n  p ip e  w a l l  Mill c a u se  gauge d r i f t ,  s in c e  t h e  d e n s i ty  o f  
m e ta l  i s  g r e a t  w ith  r e s p e c t  t o  t h e  l i q u i d .  P e r io d ic  r e c a l i b r a t i o n  will 
rem ove t h i s  e f f e c t  a s  a s o u rc e  o f  e r r o r .
8 .  T em p era tu re  c o m p en sa tio n .
T e m p e ra tu re  co m p en sa tio n  can  b e  p r o v id e d , by means o f  an  e x t e r n a l  
te m p e r a tu re  s e n s o r ,  i f  th e  d e n s i ty  v a r i e s  g r e a t l y  w ith  te m p e r a tu re ,
9 . S am pling  te c h n iq u e s .
I f  c a l i b r a t i o n  by  sa m p lin g  i s  n e c e s s a r y  i t  m ust b e  e n su re d  t '  th e
sa m p lin g  cup i s  p r o p e r ly  c le a n e d ,  th e  o p e r a to r  does n o t  ju i ack
th e  v a lv e  th e re b y  n o t  g e t t i n g  th e  t h i c k e r  p a r t i c l e s ,  o r  o v e r f l  th e
c u p . T y p ic a l ly  5 t o  10 sam p les p e r  p o in t  m ust b e  ta k e n  t o  en suxe  a  
r e p r e s e n t a t i v e  m easurem ent.
10. E f f e c t  o f  s o l i d ' s  s p e c i f i c  g r a v i t y  on change
I f  th e  gauge i s  c a l i b r a t e d  i n  f .s o l id s  t h e  a ssu m p tio n  i s  made t h a t  th e  
s p e c i f i c  g r a v i t y  o f  t h e  s o l i d s  i s  r e a s o n a b ly  c o n s ta n t .
I f  t h e  SG v a r i e s  from  3 .5  t o  4 .2  SGU th e  p e r c e n t  s o l i d s  i n d i c a t io n  
w i l l  r i s e  4% o f  f u l l  s c a l e  when th e  gauge i s  c a l i b r a t e d  40% s o l i d s  
a s  z e r o ,  and 70% solids ds full s c a l e .  I f  th e  gauge  i s  t o  b e  u s e d  f o r  
m ass f lo w  t h i s  e f f e c t  can be ig n o re d .
11. Mass f lo w  c a l i b r a t i o n s .
The sp a n  o f  th e  d e n s i ty  gauge i s  usually c a l i b r a t e d  t o  b e  1 .0 0  f o r  
0% gauge  o u tp u t  so  th e  mass flow  m u l t i p l i e r  w i l l  be 0 f o r  0 s o l i d s . 
L in e a r i t y  c o r r e c t io n  i s  a l s o  u s u a l ly  r e q u i r e d  a s  t h e r e  vs o f t e n  a  w ide  
sp a n  and t h e r e f o r e  n o n - l i n e a r i t y .
1 1 .6  CO N CLU SIO N
T h is  c h a p te r  d is c u s s e d  th e  a p p l i c a t i o n  o f  n u c le a r  p h y s ic s  and r a d i a t i o n  
i n  com m ercial n u c le a r  d e n s i ty  g a u g es .
T h ree  s o u r c e s  a r e  a v a i l a b l e  f o r  u s e ,  w ith  Ceesium -137  b e in g  m ost commonly 
u se d  a s  i t  p r o v id e s  t h e  b e s t  b a la n c e  be tw een  h a l f - l i f e  and p e n e t r a t i o n
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When t h e  gauge i s  l o c a te d  v e ry  c lo s e  t o  a  h e a v i ly  v i b r a t i n g  pump o r  
c o m p re s so r , m a n u fa c tu re rs  may recommend n e o p re n e  j a c k e t in g  o r  th e  
l i k e  t o  r e d u c e  ham m ering. However v i b r a t i o n  m ust b e  s e v e r e  t o  r e q u i r e
7 . C o r ro s io n  i n  p ip e .
C hanges i n  p ip e  w a l l  w i l l  causi gauge d r i f t ,  s in c e  t h e  d e n s i ty  o f  
m e ta l  i s  g r e a t  w ith  r e s p e c t  t o  t h e  l i q u i d .  P e r io d ic  r e c a l i b r a t i o n  w i l l  
rem ove t h i s  e f f e c t  a s  a  so u rc e  o f  e r r o r ,
8 . T em p era tu re  c o m p en sa tio n .
T em p era tu re  c o m p en sa tio n  can  b e  p r o v id e d ,  by means o f  an e x t e r n a l  
te m p e r a tu re  s e n s o r ,  i f  th e  d e n s i ty  v a r i e s  g r e - . t ly  w ith  te m p e r a tu re .
9 . S a r p l in g  te c h n iq u e s .
I f  c a l i b r a - -’"i by sa m p lin g  i s  n e c e s s a r y  i t  muFt b e  e n su re d  t h a t  th e  
se m al5 r  p r o p e r ly  c le a n e d ,  t h e  o p e r a to r  does n o t  j u s t  c ra c k
cho  v  n o t  g e t t i n g  th e  th i . - k e r  p a r t i c l e s ,  o r  o v e rf lo w s  th e
c u p . " co 10 sam p les p e r  p o in t  m ust b e  ta k e n  t o  ensure . 4
r e p r e s e . .  e asu rem en t.
10. E f f e c t  o f  s o l i d ' s  s p e c i f i c  g r a v i t y  on change
I f  t h e  gauge i s  c a l i b r a t e d  i n  » s o l id s  t h e  a ssu m p tio n  i s  made t h a t  th e  
s p e c i f i c  g r a v i t y  o f  th e  s o l i d s  i s  r e a s o n a b ly  c o n s ta n t .
I f  th e  SG v a r i e s  from  3 .5  t o  4 .2  SGU th e  p e r c e n t  s o l i d s  i n d i c a t io n  
w i l l  r i s e  4% o f  f u l l  s c a l e  when th e  gauge  i s  c a l i b r a t e d  40»  s o l i d s  
a s  z e r o ,  and 70% s o l . 'J s  a s  l u l l  s c a l e .  J f  th e  gauge i s  t o  b e  u se d  f o r  
m ass f lo w  t h i s  e f f e c t  can b e  Ig n o re d ,
11. H ass f lo w  c a l i b r a t i o n s .
T he sp a n  o f  t h e  d e n s i ty  gauge i s  u s u a l ly  c a l i b r a t e d  t o  b e  1 .0 0  f o r  
0% g auge o u tp u t  so  th o  mass flow  m u l t i p l i e r  w i l l  b e  0 f o r  0 s o l i d s .  
L in e a r i t y  c o r r e c t io n  i s  a l s o  u r u a l l y  r e q u i r e d  a s  t h e r e  i s  o f t e n  a w ide  
sp a n  and t h e r e f o r e  n o n - l i n e a r i t y .
1 1 .6  CO N CLU SIO N
T h is  c h a p te r  d is c u s s e d  th e  a p p l i c a t i o n  o f  n u c le a r  p h y s ic s  and r a d i a t i o n  
i n  c o m m erc ia l n u c le a r  ’d e n s i ty  g a u g es .
T n re '' s o u rc e s  a r e  i v a i la b le  f o r  u s e ,  w ith  Ceaslum -137  b e in g  m ost commonly 
u se d  a s  i t  p ro v id e s  th e  b e s t  b a la n c e  b e tw een  h a l f - l i f e  and p e n e t r a t i o n
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c a p a b i l i t y .  The so u rc e  s i z e  i s  s u b je c t  t o  s e v e r a l  f a c to r s  and i s  u s u a l ly  
c a l c u l a t e d  on m a n u fa c tu re rs  p r o p ie t r y  e m p ir ic a l  fo rm u la e . Two d e te c to r s  
a r e  commonly u s e d ,  t h e  i o n i z a t io n  chamber and th e  s c i n t i l l a t i o n  c o u n te r  
w hich  i s  g r a d u a l ly  s u p e rs c e d in g  th e  fo rm e r . The p r im e  a d v an ta g e  o f  th e  
s c i n t i l l a t i o n  c o u n te r  i s  t h a t  i t  a llo w s  a much s m a lle r  so u rc e  s i z e  and  a 
c o l l im a te d  beam t o  b e  u se d  com pared t o  in s t ru m e n ts  u s in g  i o n i z a t io n  
c h am b e rs .
The m ost s t r i k i n g  d i f f e r e n c e  i n  com m ercial in s t ru m e n ts  i s  i n  t h e  s ig n a l  
c o n d i t io n in g  e l e c t r o n i c s .  Most com m ercial in - .tru m e n ts  a r e  s t i l l  b a se d  on 
a n a lo g u e  e l e c t r o n i c s ,  b u t  m ic ro p ro c e s s o r  b a se d  sy s te m s  a r e  b e in g  i n t r o ­
d uced  , The a d v an ta g e  o f  t h e  l a t t e r  i s  t h a t  a l l  c o m p u ta t io n s  a r e  pe rfo rm ed  
m a th e m a tic a l ly  w hich a llo w s  f o r  much g r e a t e r  f l e x i b i l t y  and v e r s a t i l i t y .  
The u se  o f  a  microprocessor a l s o  a l lo w s  f o r  a b e t t e r  man m achine  i n t e r f a c e  
w ith  r e c a l i b r a t i o n  b e in g  p e rfo rm ed  v ia  a keypad  r a t h e r  th a n  by means o f  
p o te n t io m e te r s .  As m ic ro p ro c e s s o r  b a sed  sy ste m s become more common, 
s e l f - c a l i b r a t i n g  and s e l f - d i a g n o s t i c  in s t ru m e n ts  w i l l  become th e  norm,
T h is  c o n c lu d e s  t h o  rev ie w  o f  th e  p r i n c i p l e s  b e h in d  th e  in s t ru m e n ts  c a p a b le  
o f  m e e tin g  th e  p r o j e c t  r e q u ire m e n ts .  The fo l lo w in g  c h a p te r  d i s c u s s e s  th e  
e v a lu a t io n  o f  a  mass f lo w  system  b a sed  on a m a g n e tic  f lo w m eter and a n u ­
c l e a r  d e n s i ty  gauge.
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1 2 .0  EV ALUATION O F KROHNE MASS FLOW SYSTEM
1 2.1  IN TR O D U CTIO N
I n  o r d e r  t o  e x p lo re  a c o m m erc ia l ly  a v a i l a b l e  n u c le a r - b a s e d  m ass flow  
s y s te m , t h i s  c h a p te r  d i s c u s s e s  th e  K rohne Mass Flow  System  w hich was made 
a v a i l a b l e  f o r  e v a lu a t io n .  A b r i e f  d e s c r ip t i o n  i s  g iv e n  o f  th e  sy s te m , and 
t h i s  i s  f o llo w e d  by  a d e t a i l e d  d e s c r ip t i o n  o f  t h e  t e s t  r i g  and m ethodology  
em ployed in  e v a lu a t in g  th e  sy s te m . F i n a l l y  th e  t e s t  r e s u l t s  a r e  a n a ly se d
12 .2  O PERA TIN G  PR IN C IPL ES
The K rohne Mass Flow sy s te m  u se d  in  t h i s  p r o j e c t  c o n s i s t s  o f  an  AC mag­
n e t i c  f lo w m ete r  and a n u c le a r  d e n s i ty  g a u g e . The s o u r c e  and th e  d e t e c to r  
o f  t h e  n u c le a r  d e n s i ty  gauge a re  m ounted o n to  a s e c t i o n  o f  p ip e  w h ich  has 
t h e  same i n t e r n a l  d ia m e te r  a s  t h e  m a g n e tic  f lo w m e te r . The p ip e  s e c t i o n  
and th e  m a g n e tic  f lo w m ete r  a re  b o l te d  t o g e th e r .
The s ig n a l  c o n d i t io n in g  f o r  b o th  t h e  m a g n e tic  f lo w m ete r  and th e  n u c le a r  
d e n s i ty  gauge a re  p e rfo rm ed  i n  s e p a r a t e  f i e l d  h o u s in g s . The p r im a ry  and 
f i e l d  h o u s in g  o f  t h e  m a g n e tic  f lo w m eter a re  c o n n e c te d  v i a  s h ie ld e d  c a b le  
a s  i s  th e  d e t e c t o r  and f i e l d  h o u s in g  o f  th e  d e n s i ty  gauge.
The sy s te m  was s u p p li e d  i n  t h e  f o l lo w in g  c o n f ig u r a t io n :
1. A N u c le a r  D e n s i ty  Gauge c o m p ris in g  o f
a .  A r u b b e r  l i n e d  m e asu r in g  s e c t i o n  o f  d ia m e te r  150mm. The n u c le a r  
s o u r c e  and d e t e c to r  a re  m ounted o n to  th e  m e asu r in g  s e c t i o n ,  th u s  
e n s u r in g  a c c u r a te  a lig n m e n t o f  th e  r a d i a t i o n  beam.
b . A 10 m i l l iC u r i e  Caesium -137 s o u r c e  c o n ta in e d  in  a s h u t t e r e d  
h o u s in g . The s h u t t e r  may b e  lo c k ed  in  e i t h e r  th e  open o r  c lo s e d  
p o s i t i o n .  I n  t h e  open p o s i t i o n  th e  s o u r c e  i s  exposed  and a 
c o l l im a te d  beam p a s s e s  th ro u g h  tn e  m a te r i a l  in  t h e  p ip e  and o n to  
th e  d e t e c to r .
c .  A S c i n t i l l a t i o n  C o u n ter d e t e c to .  w hich  a llo w s  f o r  th e  v e ry  s m a ll 
s o u r c e  s i z e .  The p h o to m u l t ip l i e r  tu b a  and a s s o c i a te d  h ig h  v o lta g e  
s u p p ly  i s  b u i l t  i n to  th e  d e t e c to r  h o u s in g .
d . A d a ta  c o n v e r te r  mounted in  a  f i e l d  h o u s in g . The d a ta  c o n v e r te r  
s u p p l i e s  a r e g u la te d  + 15 V o lt s u p p ly  t o  th e  d e t e c to r  and r e c e iv e s  
t h e  o u tp u t  p u ls e s  from  th e  d e t e c t o r .  T hese  p u ls e s  a re  th e n  c o n ­
v e r t e d  i n to  a s c a le d  4 - 20mA c u r r e n t  o u tp u t .  The sy s te m  was 
c a l i b r a t e d  su c h  t h a t  4mA c o rre sp o n d s  t o  an SG o f  1 .5  and 20mA to
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an SG o f  2 .0 .  (See  C h a p te r  11 f o r  a d e s c r i p t i o n  o f  t h e  s ig n a l  
c o n d i t io n in g  e l e c t r o n i c s . )  An ammeter w i th  a LCD d i s p l a y  i s  
m ounted on th e  f i e l d  h o u s in g . The am m eter d is p l a y s  th e  lo o p  c u r ­
r e n t  a s  a  p e rc e n ta g e  o f  f u l l  s c a l e  w here  20mA c o rre s p o n d s  t o  100% 
f u l l s c a l e .
e .  A g a lv a n ic  i s o l a t o r  t o  i s o l a t e  t h e  c u r r e n t  loop  from  th e  r e c e iv i n g
in s t ru m e n ts .  T h is  i s  u se d  p r im a r i l y  t o  i n c r e a s e  t h e  co m p lian ce  
o f  t h e  c u r r e n t  lo o p . The c u r r e n t  lo o p  on t h e  c o n v e r te r  can  d r iv e  
a maximum lo a d  o f  1000 ohms.
2. A M agnetic  F low m eter c o m p ris in g  o f  -
a .  A X2000 fu se d  alum in ium  o x id e  m e asu r in g  he ad  em ploying  AC 
e x c i t a t i o n  and a  p ip e  d ia m e te r  o f  150mm. The f u s e d  a lim in iu m  o x id e  
l i n i n g  i s  a r e c e n t  K rohne developm en t and  i s  e x tre m e ly  a b ra s io n  
and te m p e r a tu re  (up to  180 d e g re e  C e ls iu s )  r e s i s t a n t .  The X2000 
head  h a s  a  s e p a r a t e  m ains c o n n e c t io n  f o r  th e  AC e x c i t a t i o n  v o l t ­
a g e . The m e asu r in g  he ad  u se d  in  th e  e v a lu a t io n  sy stem  had  a 16 
b a r  maximum p r e s s u r e  r a t i n g ,  as t h i s  i s  th e  h ig h e s t  p r e s s u r e  
r a t i n g  o f  s to c k  i te m s .
b . A f i e l d  h o u s in g  ty p e  TIV 5 0 /F _ l c o n ta in in g  th e  d a ta  c o n v e r te r  
e l e c t r o n i c s .  The d a ta  c o n v e r te r  i s  c o n n e c te d  to  th e  m e asu r in g  
s e c t i o n  by a s h ie ld e d  c a b le .  The d a ta  c o n v e r te r  r e c e iv e s  th e  i n ­
duced  s i g n a l  v o l ta g e  from  th e  e l e c t r o d e s ,  a s  w e l l  a s  an  in -p h a s e  
re f e r e n c e  v o l ta g e  o b ta in e d  from  th e  e x c i t a t i o n  v o l ta g e  v i a  a  
sm a ll  t r a n s f o r m e r .  The s ig n a l  v o l ta g e  i s  th e n  s c a le d  to  a  4  -  20mA 
o u tp u t  w here  4mA c o rre sp o n d s  t o  a f lo w  o f  Om/s and 20mA to  a f low  
o f  1 m /s . The c o n v e r te r  h a s  a  ran g e  p o te n t io m e te r  w h ich  liv w s  
th e  maximum f lo w r a te  s c a l e  t o  b e  ch an g e d . C hanging  th e  maximum 
f lo w ra te  e . g .  t o  3m /s d o °s  n o t  r e q u i r e  r e c a l i b r a t i o n  o f  th e  m e te r .  
An a n a lo g u e  ammeter i s  m ounted on th e  c o n v e r te r  w hich  m easu res 
and d is p l a y s  th e  lo o p  c u r r e n t  a s  a p e rc e n ta g e  o f  f u l l  s c a l e  w here 
20mA c o rre sp o n d s  t o  100% ( f u l l  s c a l e ) ,  and 4mA c o rre s p o n d s  t o  20%. 
Two ja c k s  a r e  p ro v id e d  to  i n s e r t  an  e x t e r n a l  ammeter i n to  t h e  
c u r r e n t  lo o p  to a l lo w  f o r  z e r o  s e t t i n g .  The m e te r  p r o v id e d  w ith  
t h e  c o n v e r te r  i s  n o t  s u i t a b l e  f o r  th e  s e t t i n g  o f  t h e  l i v e  z e r o
3 . An A nalogue Mass Flow M u l t ip l i e r .
T h is  r e c e iv e s  a  4 - 20mA c u r r e n t  from  b o th  t h e  flo w m ete r  and th e  
d e n s i ty  gauge  and o u tp u ts  t h e i r  p r o d u c t  a s  a s c a le d  4 - 20mA s ig n a l  
c o rre s p o n d in g  to  t h e  d ry  s o l i d s  m ass f lo w ra te .
= O u tp u t c u r r e n t  c o rre s p o n d in g  to  D ry s o l i d s  mass f lo w ra te  
I ^  = C u r r e n t  in p u t  from  d e n s i ty  gauge ( P e rc e n t  s o l i d s )
I f  = C u r r e n t  i n t p u t  from  fiomlcr  (V o lu m e tric  f lo w r a te )
Evaluation of Krohne Mass Flow System
i  .  t. ^
■= O u tpu t c u r r e n t  s c a l e  f a c to r  
The c om plete  sy stem  b lo c k  d ia g ra m  is shewn in F ig u re  24.
' AUOFLL'X X2000 i 
PRIMARY HEAD :
. ANALOGUE ! 
MULTIPLIER1
F ig u re  24. Mass Flow System  B lock  D iagram
12 .3  TH E T E S T  RIG
: r i g  i s  shown in  F ig u re  25 on page  106,
The sy s te m  p ip in g  i s  c o n n e c te d  iti  a  lo o p  c o n f ig u r a t io n . A doub le  a c t in g  
p i s t o n  pump w ith  a pump c a p a c i ty  o f  45 m’ /h r  and maximum head o f  75 b a r  
i s  fe d  from  a l o c a l  s to r a g e  ta n k . The m a te r ia l  i s  pumped th ro u g h  th e  p ip e  
(ap p ro x im a te  le n g th  o f  200 m e te r s ) , up a v e r t i c a l  s e c t i o n  o f  p ip e  and in to  
a hopper mounted on l o a d c e l l s . The ho p p e r i s  mounted d i r e c t l y  above and 
f e e d s  i n to  th e  l o c a l  s to r a g e  ta n k  o f  th e  pump. The m ass f lo w  system  i s  
m ounted o n to  th e  v e r t i c a l  s e c t i o n  o f  p ip e .  The flow m eter z e ro  i s  s e t  by 
s to p p in g  th e  jjumps a s  no c u t o f f  v a lv a  was i n s t a l l e d  i n t o  th e  p ip e .
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F ig u re  25 . Schem atic  o f  T e s t  R ig
A p r e s s u r e  t r a n d u c e r  was i n s t a l l e d  to  m o n ito r  t h e  p r e s s u r e  f l u c t u a t i o n s .  
As th e  flow m eter lia s  a  low er p r e s s u r e  r a t i n g  U 6  b a r )  t h  n  t h e  pump h e ad , 
i t  i s  n e c e s s a r y  t o  i n s t a l l  th e  f lo w m eter a t  th e  end o f  th e  p ip e  s e c t i o n .  
I n  an a c tu a l  i n s t a l l a t i o n ,  th e  flow m eter m ust be s u f f i c i e n t l y  r a t e d  to  
be i n s t a l l e d  im m ed ia te ly  a f t e r  th e  pump to  p r e v e n t  tim e  d e la y s  i n  th e  
c o n t r o l  sy ste m ,
The o u tp u ts  from  th e  p r e s s u r e  t r a n s d u c e r ,  l - 'a d c e l l s ,  m a g n e tic  flow m eter 
and d e n s i ty  gauge a re  c o n n e c te d  t o  c h a r t  r e c o rd e r s  f o r  d a ta  a c q u i s i t i o n  
p u r p o s e s .
The d e n s i ty  gauge and flo w m eter o u tp u ts  w ere a l s o  c o n n e c te d  to  a s in g l e  
c h ip  BASIC m ic rocom pu ter ( th e  INTEL 8052AK), I n t e r f a c in g  was by means o f  
an 8 b i t  a n a lo g u e  to  d i g i t n l  c o n v e r te r .  The sy s te m  was used  to  s c a l e  t h e  
c u r r e n t  o u tp u ts  o f  th e  d e n s i ty  gauge, and f lo w m ete r , th u s  r e s u l t i n g  in  a 
c o n s id e r a b le  tim e  s a v in g . The d a t a  lo g g in g  program  a ls o  pe rfo rm ed  a  moving 
a v e ra g e  o v e r  th e  l a s t  one hund red  flo w m eter r e a d in g s ,  th u s  a l lo w in g  th e  
a v e rag e  f lo w ra te  to  be  d e te rm in e d .
E v a lu a t io n  o f  K rohne Mass Flow System
1 2 .4  T E S T  METHODOLOGY
The em phasis in  th e  t e s t s  was on p ro v in g  th e  p r i n c i p l e s  o f  th e  i n s t r u ­
m e n ta t io n . T h e r e fo r e ,  th e  p r im a ry  c o n s id e ra t io n , was th e  c o r r e l a t i o n  b e ­
tw een  th e  m easured  v a lu e s  end th e  e x p e c te d  v a lu e s . A good in d i c a t io n  o f  
th e  c o r r e l a t i o n  i s  g iv e n  by th e  l i n e a r i t y  o f  t h e  c u rv e . Of se co n d a ry  im ­
p o r ta n c e  was th e  a c c u ra c y  o f  th e  Krohne in s t ru m e n ta t io n  i t s e l f .  I n  o rd e r  
to c o r r e c t ly  a s s e s s  th e  a c c u ra c y  o f  th e  I n s tr u m e n ta io n , th e  m easured 
v a lu e s  m ust b e  r.ompared t o  a t r a c e a b le  s ta n d a r d .  I t  i s  a l s o  n e c e s s a r y  t h a t  
th e  a c c u ra c y  ot th e  d a ta  lo g g in g  equipm ent ex ce ed s t h a t  o f  th e  m easured 
v a lu e .  I n  th e  t e s t  r i g ,  t h i s  was n o t  th e  c a se  a s  th e  K rohne flow m eter was 
s p e c i f i e d  t o  0.5% a c c u ra c y , ( t r a c e a b le  t o  D utch  S t a n d a rd s ) ,  w hereas th e  
r e s i s t o r s  u se d  i n  th e  t e s t  r i g  t o  c o n v e r t  th e  4 -  20 mA c u r r e n t  t o  a 
v o l ta g e  w ere o n ly  o f  1% a c c u ra c y . T hus, Che a c c u ra c y  of t h e  in s tru m e n ­
t a t i o n  c o u ld  o n ly  b e  d e te rm in e d  to  l im i t s  in  th e  a c c u ra c y  o f  t h e  d a ta  
lo g g in g  e q u ip m en t.
Load c e l l s  w ere  u se d  to  d e te rm in e  th e  s l u r r y  mass f lo w r a te .  The hopper 
w as em p tie d  i n to  th e  l o c a l  s to r a g e  ta n k  and th e n  a llo w ed  t o  f i l l  u p . A fte r  
a  m easured  tim e  p e r io d  o f  th e  mass o f  th e  m a te r ia l  i s  m easured  and th e  
h o p p e r  was a g a in  e m p tie d  i n to  th e  lo c a l  s to r a g e  ta n k  and th e  c y c le  r e ­
p e a te d .  T h e re fo re
F lo w ra te (m 3/ h r )  = AM(mV) x CaK kg/tiV ) x  3600( s e c /h r )  
ilT (se c> “x " S lf *  T00d7kg7ra! )
W here th e  c a l i b r a t i o n  f a c to r  f o r  th e  lo s d c e D s  was 1 .6 0 6  kg/mV. N o te , 
t o  a s s e s s  th e  f lo w m ete r , an a c c u ra te  v a lu e  f o r  t h e  SG m ust be o b ta in e d .
The s p e c i f i c  g r a v i t y  o f  th e  m a te r ia l  i s  d e te rm in e d  by ta k in g  sam ples of 
t h e  m a te r ia l  a t  r e g u la r  i n t e r v a l s , a f t e r  w hich  th e  w et s w .p le s  w ere 
w e ig h ed . The sam p les w ere th e n  d z ie d  and rew e ig h ed . The SG i s  th e n  g iv e n  
by th e  fo llo w in g  fo rm u la :
w. ki r , " ..Ha.'
" . l o r n  -  " T  "
" d r ,  w lU . "  " " 'W  *
C = C o n c e n t ra t io n  by w e ig h t
=  (sam ple  d ry  m a ss ) /( s a m p le  w et m ass)
The above m easurem ents w ere th e n  com pared to th e  c o rre sp o n d in g  m easu re ­
m en ts  ta k e n  from  th e  m a g n e tic  flow m eter and n u c le a r  d e n s i ty  gauge.
Tne e v a lu a t io n  o f  th e  m ass flow  sy s te m  was pe rfo rm ed  u s in g  a g o ld s l ira e  
s l u r r y ,  w ith  a s o l i d s  c o n c e n t ra t io n  be tw een  50% and 80%, w hich c o rre sp o n d s  
t o  a  SG ran g e  o f  1 ,5  t o  2 ,0 .  H ow ever, a t  t h e  low er SG ra n g e , t h e  s lu r r y  
becomes a d i l u t e  s l u r r y  and i s  no lo n g e r  in  a p a s te  form .
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1 2 .5  T E S T  R ESU LTS
The m a jo r  r e s u l t s  a r e  t h e  c o m parison  o f  t h e  m easu red  f lo w r a te  t o  t h e  a c ­
tu a l  flowrate ( a s  d e te rm in e d  by th e  lo a d  c e l l s )  and th e  m easu red  SG to  
t h e  a c tu a l  SG a s  d e te rm in e d  by w e ig h in g . The r e s u l t s  o f  t h e  t e s t s  a re  
shown in  t h e  f o l lo w in g  g ra p h s .
F ig u re  26 on  page  210 shows th e  m easured  f lo w r a te  v e r s u s  a c tu a l  f lo w ra te  
f o r  s e v e r a l  d i f f e r e n t  s l u r r y  s p e c i f i c  g r a v i t i e s .  I r r e s p e c t i v e  o f  th e  
s o l i d s  c o n c e n t r a t io n  th e r e  i s  a s t r o n g  c o r r e l a t i o n  b e tw ee n  th e  m easured  
and a c tu a l  v a lu e s .  The flo w m eter i s  a c c u ra te  ( s e  d e te rm in e d  by  th e  
l o a d c e l l s  and SG) t o  w i th in  5% o f  th e  e x p e c te d  v a lu e ,  th u s  s a t i s f y i n g  th e  
p r o j e c t  r e q u ir e m e n ts .  The m e re r  d o e s how ever c o n s i s t e n t l y  g iv e  a  s l i g h t l y  
low er r e a d in g  th a n  th e  e x p e c te d  v a lu e .  T h is  i s  p o s s ib ly  due to  th e  z e ro  
b e in g  low er th a n  e x p e c te d . However when th e  m e te r  was t e s t e d  w i th  w a te r ,  
an a c c u ra te  r e a d in g  was o b ta in e d ,  th u s  p o s s ib l y  i n d i c a t i n g  t h a t  th e  
f lo w m ete r  was o n ly  r e a d in g  low er th a n  e x p e c te d  d u r in g  th e  g o ld 'jl im e  t e s t s .  
T e s ts  o v e r  a  lo n g e r  tim e  p e r io d  w i l l  show up any  c o n s i s t e n t  in a c c u ra c y .
F ig u re  27 on p ag e  111 shows th e  m easu red  s p e c i f i c  g r a v i t y  v e r s u s  a c tu a l  
s p e c i f i c  g r a v i t y  f o r  s e v e r a l  d i f f e r e n t  f l o w r a t e s .  A g ain , t h e r e  i s  a 
s t r o n g  c o r r e l a t i o n  be tw een  th e  m easu red  and a c tu a l  v a lu e s .  The m e asu re ­
m ent o f  t h e  SG i s  a l s o  in d e p e n d a n t o f  t h e  f lo w ra te  (S ee  A ppendix  C) a t  
t h e  h ig h e r  SG r a n g e s . A t th e  low er SG r a n g e s ,  t h e  d e n s i ty  r i s e s  w ith  i n ­
c r e a s i n g  f l o w r a te .  The re a so n  f o r  t h i s  i s  t h a t  th e  s l u r r y  i s  no lo n g e r  a 
p a s t e ,  b u t  i s  now a d i l u t e  s l u r r y  and s e t t l i n g  o f  th e  s o l i d s  o c c u rs  a t  
t h e  low er f l o w r a t e s .  As t h e  f lo w ra te  i s  in c r e a s e d ,  m ote s o l i d s  a r e  c a r r i e d  
in  su sp e n s io n  and  th e  d e n s i ty  gauge c o r r e c t l y  r e a d s  th e  c o rre s p o n d in g  r i s e
As i t  was n e c e s s a r y  t o  c a l i b r a t e  th e  d e n s i ty  g a u g e , t h e  gauge a cc u ra cy  
i s  d e te rm in e d  by  th e  c a l i b r a t i o n  v a lu e s .  As th e  same m ethod was u se d  to  
c a l i b r a t e  and e v a lu a te  t h e  d e n s i ty  g a u g e , a  q u a n t i t a t i v e  a s se s s m e n t o f  
t h e  a c c u ra c y  c a n n o t be g iv e n .
As s e e n  ir .  F ig u re  26 on page  110 and F ig u re  27 on p ag e  111 th e  mass f lo w  
sy s te m  m eets  t h e  p r o j e c t  r e q u ire m e n ts  i n  te rm s  o f  th e  a c c u ra c y  o f  th e  
m easu red  v a lu e s .  H ow ever, t h e r e  a re  tw o o th e r  f a c t o r s  which in f lu e n c e  i t s  
s u i t a b i l i t y  t o  t h e  p r o j e c t ,
1. F ig u re  28 on page  112 shows a c h a r t  r e c o rd in g  o f  t h e  p r e s s u r e  f l u c ­
tu a t i o n s  i n  th e  p ip e .  I t  can c l e a r l y  be s e e n  t h a t  th e  p r e s s u r e  i s  
h ig h ly  im p u ls iv e  and th e  mass flow  sy s te m  m ust b e  c a p a b le  o f  w i th ­
s ta n d in g  th e  im p u ls iv e  p r e s s u r e s  p ro d u c e d . The mass flow  system  m ust 
a l s o  b e  c a p a b le  o f  w ith s t a n d in g  th e  s e v e r e  v i b r a t i o n  r e s u l t i n g  from  
th e  p r e s s u r e  im p u lse s .
2 . F ig u re  29 on p ag e  113 shows th e  c h a r t  r e c o rd in g s  o f  t h e  f lo w m eter 
o u tp u t  a t  s e v e r a l  d i f f e r e n t  pump s t r o k e  r a t e s .  When th e  pump i s  o p ­
e r a t i n g  a t  i t s  lo w e s t c a p a c i ty  t h e  s t r o k e  r a t e  i s  5 s t r o k e s /m in .  At 
t h e  Maximum pump c a p a c i ty ,  t h e  s t r o k e  r a t e  i s  17 s t r o k e s /m in .  When 
pum ping h ig h  c o n c e n t ra t io n  s l u r r i e s ,  th e  s l u r r y  m o m e n ta rily  s to p s
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f lo w in g  d u r in g  th e  p i s t o n  ch an g eo v er p e r io d .  T h is  c an  c l e a r l y  b e  se en  
on  th e  c h a r t  r e c o d e r .  'N o te , t h e  c h a r t  r e c o r d e r  r e a d in g  does n o t  f a l l  
t o  z e r o  a s  t h e  f lo w m ete r  h a s  a  10 s e c .  t im e  c o n s t a n t . )  F o r  th e  
f lo w m eter t o  o u tp u t  th e  a v e ra g e  r e a d in g  th e  tim e  c o n s ta n t  m ust be  
in c r e a s e d .  The tim e  c o n s ta n t  m ust b e  a t  l e a s t  tw ic e  th e  d u r a t i o n  o f  
t h e  pump s t r o k e  i n t e r v a l s  a t  t h e  s lo w e s t  pump sp e ed .
1 2 .6  MASS FLOW SYSTEM  EV ALUATION
The mass f lo w  sy s te m  i s  c l e a r l y  c a p a b le  o f  p r o v id in g  a m easurem ent o f  th e  
s l u r r y  m ass f lo w  and s o l i d s  c o n c e n t r a t io n .  T h ere  i s  a  s t r o n g  c o r r e l a t i o n  
b e tw een  th e  m easu red  and  e x p ec ted  v a lu e s ,  c l e a r l y  in d i c a t in g  th e  v a l i d i t y  
o'r  th e  m easurem ent te c h n iq u e .  The o n ly  a d ju s tm e n ts  t o  t h e  f lo w m ete r  was 
t h e  s e t t i n g  o f  th e  m a g n e tic  f lo w m eter z e r o .  T h is  i s  how ever a p e r io d i c  
re q u ire m e n t  and  a c h a r a c t e r i s t i c  o f  a]"1 p r e s e n t  AC e x c i t e d  m a g n e tic  
f lo w m e te r s .
D u rin g  th e  e v a lu a t io n  o f  i h e  f lo w m e te r , t h e  z e r o  d r i f t e d  n o t i c e a b ly  b e ­
tw e en  t e s t s . D u rin g  o p e r a t io n  w ith  th e  c o a l  and f ly a s h  s l u r r i e s ,  t h e  z e r o , 
o n ce  s e t  rem a in e d  r e l a t i v e l y  s t a b l e .  H ow ever, d u r in g  th e  a c t u a l  e v a lu ­
a t i o n  o f  th e  f lo w m eter u s in g  a g o ld s l im e  s l u r r y ,  th e  z e r o  d r i f t e d  w ith  
a  change in  c o n c e n t r a t io n  o f  th e  s l u r r y .  The d r i f t  was more pronounced  
when th e  s l u r r y  was i n  a d i l u t e  p h a se . The d r i f t  w ould le a d  t o  e r r o r s  in  
t h e  m easurem ent o f  th e  f lo w ra te  i f  a  w id e  v a r i a t i o n  in  th e  c o n c e n t ra t io n  
i s  r e q u i r e d .  H ow ever, f u th e r  t e s t s  w ould  b e  n e c c e s s a ry  t o  d e te rm in e  i f  
t h i s  i s  a  c h a r a c t e r i s t i c  o f  a l l  AC e x c i te d  m a g n e tic  f lo w m e te rs , o r  o n ly  
a  c h a r a c t e r i s t i c  o f  th e  t e s t  m ode l.
A lth o u g h  th e  sy s te m  was supposed  t o  b e  p r e c a l i b r a t e d ,  on ta k in g  d e l iv e r y  
i t  was found  t h a t  th e  d e n s i ty  gauge was o u t  o f  c a l i b r a t i o n .  C a l ib r a t i o n  
o f  t h e  gauge on s i t e  i s  p o s s ib l e  and was u n d e r ta k e n . How ever, t h e  c a l i ­
b r a t i o n  p r o c e s s  i s  e x tre m e ly  tim e  consum ing  and e r r o r  p ro n e . T h is  i s  
p a r t i c u l a r l y  t r u e  a t  th e  h ig h e r  SG ra n g e  (a  s o l i d s  c o n te n t  i n  th e  r e g io n  
o f  80% ), w here  th e  s l u r r y  assum es a  p a s t e  fo rm , a s  i t  becomes d i f f i c u l t  
t o  m ix in  d r y  m a te r i a l  end to  o b ta in  a  r e p r e s e n ta t i v e  sam p le . The d i f ­
f i c u l t y  in calibrating an analogue d e n s i ty  gauge  c l e a r l y  o u t l i n e s  th e  
a d v a n ta g e s  t o  b e  g a in e d  from  a m ic ro p ro c e s s o r  b a se d  sy ste m .
C a l ib r a t i o n  i s  f u th e r  c o m p lic a te d  in  h ig h  c o n c e n t r a t io n  s l u r r y  sy s te m s , 
a s  i t  i s  n o t  p o s s ib l e  t o  p ro v id e  a  b y p a ss  f o r  t h e  i n s t r u m e n ta t io n ,  s in c e  
s o l i d i f i c a t i o n  o f  th e  s l u r r y  in  Che d e td  l e g  can o c c u r .
I n  o r d e r  t o  em ploy th e  sy stem  i n  a w ork ing  i n s t a l l a t i o n ,  th e  tim e  c o n s ta n t  
o f  th e  f lo w m ete r  m ust be  in c re a s e d  t o  a t  l e a s t  tw ic e  th e  p e r io d  o f  t h e  
lo w e s t s t r o k e  r a t e .  T h is  i s  e  con seq u e n ce  o f  t h e  u s e  o f  d o u b le  a c t in g  
p i s t o n  pumps and  th e  h ig h  v i s c o s i t i e s  o f  th e  h ig h  c o n c e n t ra t io n  s l u r r y .  
F a i l u r e  t o  in c lu d e  a s u f f i c i e n t l y  lo n g  tim e  c o n s ta n t  can  r e s u l t  i n  f l u c -
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F ig u re  26 . S lu r r y  P r e s s u r e  R ecord ings
t u a t io n s  in  t h e  c o n t r o l  sy ste m . (N o te : T h is  i s  o n ly  t r u e  i f  p o s i t i v e  
d isp la c e m e n t pumps a re  u s e d . C e n t r i f u g a l  pumps w i l l  g iv e  a f a i r l y  un ifo rm  
f lo w r a t e , )
A more im p o r ta n t r e s e r v a t io n  in  th e  u se  o f  th e  sy stem  i s  t h e  c a p a b i l i t y  
o f  th e  m ass f lo w  sy s te m  to  w ith s t a n d  th e  h ig h  p r e s s u r e s  and v i b r a t i o n  in  
'h e  s l u r r y  pump sy s te m . D uring  th e  t e s t  p e r io d  o f  a p p ro x im a te ly  2 months 
d u r a t i o n  th e  sy stem  showed no s u s c e p t a b i l i t y  to  v ib r a t i o n ,  b u t  t h e  lo n g  
te rm  e f f e c t  h as  n o t  been  d e te rm in e d . A more c r i t i c a l  c o n s id e r a t io n  i s  th e  
p r e s s u r e  r a t i n g  o f  t h e  mass flow  sy s te m . The sy stem  m ust be c a p a b le  o f  
w ith s t a n d in g  th e  h ig h  a v e ra g e  p r e s s u r e s  (up  to  100 b a r )  and th e  p e r io d i c  
pe ak  im p u ls iv e  p r e s s u r e s .  The sy stem  o f f e r e d  f o r  e v a lu a t io n  was a low
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F ig u re  29 . S lu r r y  V e lo c i ty  P r o f i l e
I t  can  be n o te d  t h a t  d u r in g  Che c o u rse  o f  chs sy s te m  e v a lu a t io n ,  th e  
sy s te m  was u se d  on c o a l ,  f ly a s h  and g o ld s l im e  s l u r r i e s .  The SG o£ th e  
s l u r r i e s  v a r ie d  w id e ly  (up t o  1 .3  f o r  c o a l ,  1 .5  t o  1 .7  f o r  f l y a s u ,  and
1 .5  t o  2 .0  f o r  g o ld s l im e ) ,  how ever th e  s o l i d s  c o n te n t  a lw ays ran g e d  b e ­
tw een 50% and 85%, In  a l l  c a s e s  th e  flow m eter showed no d e v ia t i o n  in  i t s  
c a p a b i l i t y  t o  a c c u r a te l y  m ensure th e  f lo w ra te ,  The d e n s i ty  gauge, once 
c o r r e c t l y  c a l i b r a t e d ,  c o r r e c t l y  m easured  th e  SG in  th e  ra n g e  1 .3  t o  2 .0 ,
The mass f lo w  m u l t i p l i e r  * 
how ever has  no  b e a r in g  on • 
v ic e  t o  t h s  K rohne - r i i iw o i  
v o lu m e tr ic  f lo w ra te  - .t S( 
flow m eter o r  th e  der..-it>  g,
E v a lu a t io n  o f  K rohne Mass Flow System
1 2 .7  CO NCLUSION
The K rohne m ass f low  sy s te m  o f f e r e d  f o r  e v a lu a t io n  m et a l l  t h e  m easurem ent 
a c c u ra c y  re q u ire m e n ts  of th e  p r o j e c t .  The sy s te m  o f f e r e d  f o r  e v a lu a t io n  
in c o r p o r a te s  a n u c le a r  d e n s i ty  gauge b a se d  on an  a n a lo g u e  s ig n a l  c o n v e r te r  
and th u s  does n o t  o f f e r  t h e  f l e x i b i l i t y  o f  t h e  new er m ic ro p ro c e s s o r  b a sed  
sy s te m s .
B e fo re  t h e  sy s te m  can  b e  i n s t a l l e d  in  a w ork ing  i n s t a l l a t i o n  th e  fo llo w in g  
m ust b e  p e rfo rm ed :
1. The tim e  c o n s ta n t  on th e  m a g n e tic  f lo w m ete r  m ust b e  in c re a s e d  to  
com pensa te  f o r  th e  p e r io d i c  f l u c t u a t i o n s  i n  th e  sy s te m  r e s u l t i n g  from  
th e  d o u b le  a c t in g  p i s t o n  pump. The tim e  c o n s ta n t  m ust be a t  l e a s t  
tw ic e  t h e  p e r io d  o f  t h e  s lo w e s t s t r o k e  r a t e ,  o r  p r e f e r a b l y  f i e l d  „ d - 
j u s t a b l e .
2 . The mass f lo w  sy s te m  m ust be c a p a b le  o f  w i th s t a n d in g  th e  s e v e r e  v i ­
b r a t i o n  e n c o u n te re d  i n  th e  p ip e  l i n e .
3 . The mass f lo w  sy s te m  m ust b e  c a p a b le  o f  w i th s t a n d in g  th e  h ig h  a v e rag e  
p r e s s u r e  t h e  pump i s  c a p a b le  o f  p ro d u c in g  (up to  100 b a r ) , as w e l l  
a s  th e  p e r io d i c  im p u ls iv e  p r e s s u r e s  in  t h e  s l u r r y  sy s te m .
The above c o n s id e r a t io n s  a re  a l l  a p p l ic a b le  t o  th e  m a n u fa c tu re  o f  th e  mass 
f lo w  sy s te m  and n o t  t o  t h e  p r i n c i p l e  o r  o p e r a t io n  o f  th e  sy s te m . The 
t e s t s  have  shown t h a t  AC e x c i te d  m a g n e tic  f lo w m ete rs  and a n u c le a r  d e n s i ty  
gauge a re  s u i t a b l e  f o r  t h e  m easurem ent o f  t h e  m ass f lo w ra te  and co n ce n ­
t r a t i o n  o f  p a s t e  s l u r r i e s  and can u se d  i f  th e  above m en tio n ed  c r i t e r i a  
a r e  s a t i s f i e d .
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1 3 .0  CO NCLUSION
T h is  r e p o r t  d is c u s s e d  th e  c h o ic e  o f  in s t r u m e n ta t io n  s u i t a b l e  f o r  m easu r­
in g  th e  c o n c e n t r a t io n  and m ass f lo w ra te  o f  h ig h  d e n s i ty  'p a s t e 1 s l u r r i e s .  
The s l u r r y  sy stem  i t s e l f  i s  u n iq u e  and s t i l l  in  t h e  d evelopm en t s ta g e .  
The u n iq u e n e s s  o f  t h e  sy s te m  r e s u l t s  from  th e  h ig h  d e n s i ty  o f  t h e  s l u r r y  
and th e  u se  o f  p n e u m a ti c a l ly  conveyed  pow der, i n  t h i s  c a s e  c em en t, l i k e  
many new te c h n iq u e s ,  th e  r e q u ire m e n ts  and c h a r a c t e r i s t i c s  o f  t h e  sy stem  
f a l l  o u ts i d e  t h e  g e n e r a l  l i m i t s  o f  com m erc ia l h a rd w are . The sy s te m  pumping 
p r e s s u r e  i s  much h ig h e r  th a n  m ost f lo w m ete rs  c an  n o rm a l ly  t o l e r a t e ,  and 
t h i s  r e s u l t s  i n  th e  m e te r  h a v in g  t o  be s p e c i a l l y  made up w hich  in  t u r n  
r e s u l t s  i n  h ig h  p r i c e s  and lo n g  d e l iv e r y  t im e s  and l im i t s  t h e  a v a i l a b i l i t y  
o f  o f f - t h e - s h e l f  r e p la c e m e n ts .
The m ost im p o r ta n t  p o in t  a r i s i n g  o u t  o f  th e  p r o j e c t ,  i s  t h a t  an in s t ru m e n t  
i s  o n ly  a s  good a s  t h e  p r in c i p l e s  on w hich i t  i s  b a se d !  Many p r in c i p l e s  
a r e  u se d  i n  th e  d e s ig n  o f  r e l a t e d  in s t r u m e n ta t io n ,  e .g .  f lo w m e te r s ,  and 
th u s  th e  c h o ic e  o f  in s t ru m e n t  i n i t i a l l y  r e q u i r e s  a  c h o ic e  o f  m e asu rin g  
p r i n c i p l e  m ost s u i t e d  t o  th e  a p p l i c a t i o n .  Once a  s u i t a b l e  p r i n c i p l e  h as  
be en  c h o se n , a  s p e c i f i c  in s t ru m e n t  em bodying t h a t  p r i n c i p l e  can th e n  be  
.’e l e c t e d  o r  d e s ig n e d . A m a jo r  s e c t i o n  o f  t h i s  p r o j e c t  c o n ce rn e d  th e  su rv ey  
i n t o  d i f f e r e n t  m e asu r in g  p r i n c i p l e s  s u i t a b l e  t o  th e  p r o j e c t . The su rv ey  
r e s u l t e d  i n  th e  s p e c i f i c a t i o n  o f  a m a g n e tic  f lo w m ete r  and a  n u c le a r  d e n ­
s i t y  g a u g e . The p r i n c i p l e s ,  c h a r a c t e r i s t i c s  and a p p l i c a t i o n  o f  t h e s e  i n ­
s tru m e n ts  w ere  th e n  c o n s id e r e d  in  d e t a i l .
M agnetic  f lo w m ete rs  w ere  s p e c i f i c a l l y  d e s ig n e d  f o r  m e asu r in g  th e  f lo w ra te  
o f  s l u r r i e s  and no d e g ra d a t io n  in  p e rfo rm an c e  was found  in  h ig h  d e n s i ty  
s l u r r y  a p p l i c a t i o n s .  I n  t h e  p r o j e c t  o n ly  an AC e x c i te d  flo w m ete r  was 
e v a lu a te d .  A lthough  DC m e te r s  have many a d v a n ta g e s ,  th e y  s u f f e r  i n  p e r ­
form ance when u se d  in  s l u r r y  a p p l i c a t i o n s ,  due t o  n o is e  b e in g  in d u c ed  when 
th e  s l u r r y  p a r t i c l e s  c o l l i d e  w ith  t h e  e l e c t r o d e s . However, h ig h  co n ce n ­
t r a t i o n  s l u r r i e s  assum e a homogeneous form  and a r e  u s u a l ly  pumped a t  low 
v e l o c i t i e s ,  T hese  f a c to r s  may make i t  p o s s ib l e  t o  u se  DC e x c i te d  
f lo w m ete rs  f o r  h ig h  c o n c e n t ra t io n  s l u r r i e s , and t h i s  p r o b a b i l i t y  sh o u ld  
b e  i n v e s t i g a t e d  to  a llo w  f o r  th e  a d v a n ta g e s , (m ost im p o r ta n t o f  w hich  i s  
: ie a u tc  z e ro  c h a r a c t e r s t i c )  stem m ing from  th e  u s e  o f  DC e x c i t e d  m a g n e tic  
f .’ow m eters. A m a g n e tic  f lo w m e te r , nam ely th e  K ent V e r i f lu x  [K e n t, 1985}, 
> - s  - e c e n t l y  be en  d e v e lo p e d  w hich com bines b o th  AC and DC o p e r a t io n .  I t  
aim ed t h a t  t h i s  m e te r  h a s  t h e  a d v an ta g es  o f  b o th  ty p e s  o f  e x c i t a t i o n ,  
i . e .  a u to z e ro  and o p e r a t io n  in  s l u r r y  a p p l i c a t i o n s .
Nucl« i r  in s t ru m e n ts  a r e  c a p a b le  o f  a v a r i e ty  o f  m easu rem en ts and can  be  
e x te n s i v e ly  u se d  in  th e  p r o c e s s  c o n t r o l  in d u s t r y .  T h e re  i s  how ever a la c k  
o f  know ledge r e l a t i n g  to  th e  p r i n c i p l e s ,  u s e  and a p p l i c a t i o n s  o f  n u c le a r  
in s t r u m e n ts . To r e c t i f y  t h i s  p rob lem  an in  d e p th  s tu d y  i n to  t h e  th e o ry  
b e h in d  n u c le a r  'n s tru m e n ts  was u n d e r ta k e n . The l a t t e r  c h a p te r s  o f  t h i s  
p r o j e c t  r e p o r t  s e rv e  a s  a g u id e  t o  t h e  u se  and a p p l i c a t i o n  o f  t h e s e  i n ­
s tru m e n ts  .
C o n c lu s io n
N u c le a r  in s t ru m e n ts  a r e  now e n te r in g  a se co n d  p h a se , and i n  l i n e  w ith  
o th e r  in s t r u m e n ta t io n  a r e  becom ing  more i n t e l l i g e n t  and e a s i e r  t o  u se . 
The u s e  o f  a dvanced  d e t e c to r s  a r e  m in im iz in g  th e  s o u r c e  s i z e  and th e  
h e a l t h  h a z a rd ,  th e re b y  in c r e a s in g  t h e i r  a c c e p t a b i l i t y .  The u s e  o f  m ic ro ­
p r o c e s s o r  b a sed  e l e c t r o n i c s  has r e s u l t e d  i n  an i n t e g r a t e d  m e te r .  T h is  
makes i t  p o s s ib l e  t o  s a t i s f y  a l l  t h e  p r o j e c t  r e q u ire m e n ts  w i th  a  flow m eter 
and an  i n t e l l i g e n t  d e n s i ty  gauge. The new er d e n s i ty  m e te r s  a r e  n o t  y e t  
f r e e l y  a v a i l a b l e  i n  S outh  A f r ic a  and so it is a d v is e d  t h a t  th e y  b e  e v a l ­
u a te d  in  th e  mean tim e  t o  a llo w  f o r  t h e i r  r a p id  i n t r o d u c t io n  when t h e i r  
a v a i l a b i l i t y  i n c r e a s e s .
An im p o r ta n t  p o in t  a r i s i n g  o u t  o f  t h e  p r o j e c t  i s  th e  s ig n a l  c o n d it io n in g  
e l e c t r o n i c s  u se d  i n  in s t r u m e n ta t io n .  Many a d v a n ta g e s  a r e  t o  b e  g a in e d  by 
malting th u  e l e c t r o n i c s  m ic ro p ro c e s s o r  b a se d . The m ost im p o r ta n t  b e in g  th e  
f l e x i b i l i t y ,  e a s e  o f  u se  and b e t t e r  m an-m achine i n t e r f a c e .  As m ic ro ­
p r o c e s s o r  sy s te m s  become more common, more advanced  f e a tu r e s  su c h  as 
a u t o - c a l i b r a t i o n ,  s e l f - d i a g n o s i s  and advanced  s ig n a l  p r o c e s s in g  c an  be 
in c o rp o r a te d ,  T hese  f e a tu r e s  w i l l  im prove th e  in s t ru m e n ts  em p loy ing  them , 
w ith  a c o rre s p o n d in g  in c r e a s e  in  p e rfo rm an c e  o f  th e  a s s o c i a te d  c o n t r o l  
sy s te m .
T h is  p r o j e c t  c o n c e n tra te d  on th e  in s t r u m e n ta t io n  f o r  th e  s l u r r y .  B e fo re  
t h e  b a c k f i l l  sy s te m  c an  be im p lem en ted , in s t ru m e n ta t io n  m ust b e  found  to  
m e asu re  th e  m ass f lo w ra te  o f  p n e u m a tic a l ly  conveyed  pow ders , A p o s s ib l e  
s o lu t io n  i s  t o  u s e  a n u c le a r  d e n s i ty  gauge t o  d e te rm in e  th e  e f f e c t i v e  
c r o s s - s e c t i o n a l  a re a  o f  th e  pow der, and  a d o p p le r  o r  a  v o r te x  sh e d d in g  
flo w m ete r  t o  d e te rm in e  th e  a v e ra g e  v e lo c i t y  o f  t h e  pow der p a r t i c l e s ,
A PP E N D IX  A . GLOSSA RY  O F N UCLEAR TERMS
N u clea r  p a r t i c l e  o f  m ass 4  u n i t s  c a r r y i n g  2 u n i t s  o f  
p o s i t i v e  c h a r g e , W ill n o t  p e n e t r a t e  s k i n , and r a n g e s  o n ly  
a  c e n t im e tr e  o r  s o  i n  a i r .  E m it te d  by r a d io 's - . t o p e s  such  
as u ran ium  236 , th o r iu m  22 5 , p lu to n iu m  210 , e t c .
B e ta  P a r t ic le  N u c le a r  p a r t i c l e  o f  mass 1 /1860  u n i t s  c a r r y i n g  1 u n i t  o f  
n e g a t iv e  c h a rg e . W il l  p e n e t r a t e  s k in  and h a s  a r a n g e  o f  
up tc 6m i n  a i r ,  E m it te d  by many r a d io i s o to p e s .
B e c q u e re l ( B q )  The m easu re  o f  q u a n t i t y  o f  r a d i o a c t i v i t y .  A s u b s ta n c e  has 
an a c t i v i t y  o f  1 Bq i f  I atom o f  i t  d i s i n t e g r a t e s  e v e ry  
se co n d . T h is  i s  t h e  new SI u n i t  g r a d u a l ly  r e p la c i n g  th e  
c u r i e ,  1 Bq = 2 .7 x 1 0  c u r i e s .
B r e m s s t r a h lu n g  R a d ia t io n  p ro d u ce d  by th e  r a p id  d e c e l e r a t i o n  o f  a b e ta  
p a r t i c l e ,  su c h  a s  when i t  i s  c au se d  t o  bom bard a  heavy 
m a te r i a l .  The r a d i a t i o n  i s  i d e n t i c a l  t o  X - r a d ia t io n .  
B re m ss trah lu n g  i s  t h e r e f o r e  an  a d d i t i o n a l  h a z a rd  w hich 
may a r i s e  when h a n d lin g  b e ta - e m i t t i n g  r a d i o i s o t o p e s .
C o n ta m in a tio n  R a d io a c tiv e  m a te r i a l s  r e le a s e d  from  t h e i r  n o rm a l con ­
ta in m e n t i n to  th e  w ork ing  e n v iro m en t. I t  may be p r e s e n t  
on w ork ing  s u r f a c e s  o r  a i r b o r n e .
A m easu re  o f  q u a n t i t y  o f  r a d i o a c t i v i t y .  1 c u r i e  o f  r a ­
d i o a c t i v i t y  i s  su c h  t h a t  3 .7 x 1 0 "  atom s o f  i t  a r e  d i s i n ­
t e g r a t i n g  o v a ry  s e c o n d . T h is  u n i t  i s  g r a d u a l ly  b e in g  
r e p la c e d  by th e  b e c q u e re l .
E le c t r o n  v o l t s .  A m easu re  o f  e n e rg y  o f  a  p a r t i c l e  o r  r a ­
d i a t i o n ,  1 oV i s  th e  e n e rg y  a t t a i n e d  by an e l e c t r o n  when 
a c c e le r a te d  betw een  e l e c t r o d e s  w hich have  an  e l e c t r i c a l  
v o l ta g e  o f  1 v o l t  be tw een  them .
A su b s ta n c e  w hich c a n n o t bt> c h e m ic a l ly  decom posed in to  
s im p le r  s u b s ta n c e s .
E le c tro n  A tomic p a r t i c l e  o f  mass 1 /1860  u n i t s  c a r r y i n g  one  u n i t
o f  n e g a t iv e  c h a rg e . D i f f e r s  o n ly  from  th e  b e ta  p a r t i c l e  
i n  i t s  o r i g i n ,  w hich i s  from  o u ts id e  t h e  n u c le u s  o f  th e
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N u c le a r  r a d i a t i o n .  Will p e n e t r a t e  '. j n s id e r a b l e  t h i c k ­
n e s s e s  o f  le a d  o r  c o n c r e te  and liaz a v e ry  lo n g  r a n g ,  in  
a i r .  E m it te d  by many r a d io i s o to p e s  in  a s s o c i a t i o n  w ith  
e i t h e r  an a lp h a  o r  a  b e t a  p a r t i c l e .  Gamma r a d i a t i o n  i s  
e le c tr o m a g n e tic  r a d i a t i o n  w ith  e n e rg y  o f  th e  o r d e r  o f
The tim e  in  w hich h a l f  t h e  amount o f  atom s p r e s e n t  i n  a 
g iv e n  amount o f  r a d io a c t iv e  m a te r i a l  d i s i n t e g r a t e .  The 
v a lu e  o f  th e  h a l f - l i f e  i s  c h a r a c t e r i s t i c  o f  a  p a r t i c u l a r  
r a d io i s o to p e  and v a r i e s  from  m i l l i o n th s  o f  a se co n d  to  
m i l l io n s  o f  y e a r s .
Io n iz a tio n  The p r o c e s s  by w hich an e l e c t r o n  i s  s t r i p p e d  from  i t s
p a r e n t  a tom . When r a d i - . t i o n  s t r i k e s  an e l e c t r o n  i t  lo s e s  
e n e rg y  i n  i o n iz in g  t h a t  e l e c t r o n .
N e u t ro n  N u c le a r  p a r t i c l e  o f  mass 1 u n i t  c a r ry in g  no  c h a rg e .
P ro to n  N u c le a r  p a r t i c l e  o f  m ass 1 u n i t  c a r r y in g  1 u n i t  o f  p o s i ­
t i v e  c h a rg e .
R ad  The a b b r e v ia t io n  f o r  " r a d i a t i o n  a b so rb e d  d o s e " .  A m easure
o f  e n e rg y  d e p o s i te d  in  a medium.
Rem The a b b r e v ia t io n  f o r  " ra d  e q u iv a le n t  man", A m easu re  o f
th e  damage cau se d  by e x p o su re  t o  r a d i a t i o n ,  and i s  g r a d ­
u a l ly  b e in g  r e p la c e d  by th e  s i e v e r t  (1  rem = 0 .0 1  S v ) ,
S i e v e r t  (S v )  T h is  i s  t h e  new SI u n i t  r e p la c i n g  th e  rem. I t  q u a n t i f i e s  
th e  e q u iv a le n t  a b so rb e d  d o se .
X - r a d la t io n  R a d ia t io n  p ro d u ce d  when m a te r i a l s  a r e  bom barded w ith  
e l e c t r o n s .  X - r a d la t io n  i s  e le c tr o m a g n e tic  r a d i a t i o n  w ith  
e n e rg y  o f  t h e  o r d e r  o f  eV.
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A PPE N D IX  B . MASS A TTEN U A TIO N  C O E FF IC IE N T S
T he f o l lo w in g  t a b l e  o f  mass a t t e n u a t io n  c o e f f i c i e n t s ,  in  cm2/ g ,  f o r  gamma 
r a y s  w ere  i n t e r p o l a t e d  from  v a lu e s  g iv e n  in  H u h b e l l[1 9 6 9 ] . The c o e f f i ­
c i e n t s  a re  g iv e n  f o r  a  gamma e n e rg y  o f  0 ,6 6 2  KeV, w hich  i s  t h e  e n e rg y  o f  
gamma r a d i a t i o n  f o r  Caesium -137 .
l H 0 .153 “ Fe 0 .0 7 3 2
6C 0.0777 l e Gu
7N ' P b
=0 " 0
1 INa A ir
l , A2
C o n c re te
S a l 0 .0759 P yrex  G la ss 0 .0 7 7 2
The t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  f o r  a  compound o r  a m ix tu re  i s :  
Ve (m1/k g )  = ZW^ii^(m2/k g )
% = t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  f o r  a  compound o r  m ix tu re
W. =  w e ig h t f r a c t i o n  oi i t h  e lem e n t i n  compound
V. = t o t a l  m ass a t t e n u a t io n  c o e f f i c i e n t  f o r  i t h  e le m e n t.
A ppendix  B. Mass A tte n u a t io n  C o e f f ic ie n ts
A PPE N D IX  C .  MASS FLOW EV ALUATION T E S T  R E S U L T S .
C . l  COMPUTED RE S U L T S .
T he f o l lo w in g  v a lu e s  a r e  t h e  c a l c u l a t e d  a v e ra g e s  f o r  e ac h  t e s t .  
F low m eter s e t t i n g  =  1 .768
DH80 s e t t i n g s :  Z ero =  7 .2 7 9  ; Range = 2 .5 8 1  ; I s o to p e  = 0
SG(meas) =  1 .959  ; SG (exp) = 1 .966  ; Cw = 7 8 .9  %
FlOW(roeas) FLOh'(exp)
15 .03 16 .21
36 .35 3 6 .07
SG(meas) = 1 .889  ; SG (exp) =  1 .886  ; Cw = 7 5 .5  %
I'LOy(meas) FLOW(exp)
16 .23 16 .95
* 1 .M
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1
SG (m ess) =  1 .7 7 7  ; SG (exp) =  1 .768  ; Cw = 6 9 .8  %
FLGW(meas) FLOW(exp)
12 .03 12 .47
4 0 .90 40 .79
SG(meas) = 1 .6 7 0  ; SG (exp) = 1 .6735  ; Cw = 6 3 .7  %
FLQW(meas) | FLOW(exp)
26 .77
4 1 .5 2
EE ST f
SGCmeas) = 1.567 ; SG (exp) =
FLOW(meas) 1 FLOW(exp)
1 1 .3 0  | 1 1 .32
19 .00
3 0 ,5 0  I
38 .45  i
4 3 .1 5  i
4 3 ,2 0  | 43 .05
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SGCmeas) = 1 .5 5 2  ; SG (exp) = 1 .553  ; Cw = 5 7 .2  %
| FliOW(ttieas) FM tffexp)
| 1 7 .W 17 .66
| 2 4 .4 0
i 3 4 .4 0
| 4 0 .2 1
1 4 1 .1 4 4 2 .6 0
I FLOWCmeas) FLOWfexp)
| 14.19 14 ,18
2 0 .72
| 3 9 .1 3 3 7 .8 6
Appendix C. Mass Flow Evaluation Test Results.
C .2  REA D IN G S FOR EVALUATION O F MAGNETIC FLOWMETER.
L o a d c e l l c a l i b r a t i o n  f a c to r  -  1 .606  kg/mV - 385 kg.
Flow m eter s e t t i n g  = 1 .768  ;
F lo k 'ra te fm ’ / h r )  = x CaKkft/mV) x 3600Cs e c /h r )
AT<sec) x  SG x 1000(k g /eF )
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A*
S peed  1
SS (m eas) = 1 .958
| LC emp(mV)
| LC f u ll(m v )  
j Time ( s e c )
| F lw (e x p ) . SG
1 F low (exp )
I F low (m eas)
S peed  2
SG(mfeas) = 1 .9558
LC emp(mV) 
LC fu l l(m v )  
Time ( s e c )  
F iw (exp ),S G
— ;■
F low (exp )
Flow (m eas) T s .  r * - = !
SG(tneas) = 1 .959
j LC emp(mV)
I LC fu l l(m v )  
j Time ( s e c )
| F lw (exp ).S G
—
i) 11
1 F low (exp )
I F lo ti(m eas) =:z
Appendix C. Mass Flow Evaluation Test Results. 124
i
44
Speed 4
SG(meas) = 1 .955
LC emp(raV) 
LC fu l l( in v )  
Time ( s e c )  
F lw (exp ).S G
2 6 5 .4  2 5 3 .5  
4 2 0 .2  | 4 0 4 .6
5 9 .6 7  6 2 .40
til-!
I'll-!
F low (exp)
Plow (m eas)
3 0 .5 2  | 3 1 .9 1
Speed 5
SG(meas) = 1 .9485 l i g h t  a i r i n  p ip e
1 LC emp(mV)
I LC fu l l(m v )  
j Time ( s e c )
1 F lw (e x p ) . SG 71.06 76 .83
iir!
j Flow C exf)
I F low (m eas)
36 .46
36 ,3 % . T 3 6 .4
Speed 6
SG(meas) =
LC emp(mV) 
LC fu l l( n iv )  
Time ( s e c )  
F lw (exp ).S G
------- -------
—
— •_ — • -
F low (exp ) | 
Flow (m eas) |
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i
Speed 1 r ^
SG(meas) == 1 .8921
Speed 2
SG(meas) *  1 .8921
LC emp(mV) I 242 .9  
LC fu l l( m v )  | 352 .7  
Time ( s e c )  j 15 
P lw (exp ).S G  I 4 2 .32
2 45 .1  263 .9  
344 .9  3 67 .2  
14 14 
4 1 .2 1  4 2 .66
P lo w (ex p ) | 2 2 .36  
Flow (m eas) | 2 1 .0
2 1 .78  22 .54  
2 1 .0  2 1 .1_
Speed 3
SG (ireas) = 1.8897
LC emp(mV) 
LC f u ll(m v )  
T in e  ( s e c )  
F lw C sxp ). SG
--
F low (exp)
F lo y (m ea s)
26 .79
27 .5
28 .43
2 7 .5
LC emp(fflV) 
LC f u ll(m v )  
Time ( s e c )  
F lw ( e x p ) . SG
2 « . 0  1 ____ ■_
- -
32-77 |
F low (exp)
Flow (m eas) 1 =:=
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ii
Speed 4
SG(meas) = 1.8897
LC emp(mV) 
LC f u ll(m v )  
Time (s e a )  
? lw (e x p ) . SG
n o « ( e x p )
$ 'low(m eas)
Speed 5 I
SG(meas) = 1 .8848
1 LC emp(mV)
1 LC fu l l(m v )  
I Time (s e c )
I FitfCexp) .SG
' F low (exp)
, Flow (m eas) 3 8 .4 Z-Z
Speed 6
SG(meas) = 1 .8848
I LC emp(mV)
I LC f u ll(m v )  
i Time (s e c )
1 F lw (exp ).S G
i' 
I 
!
i F low (exp)
! FlCFw(meas)
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i\
SG(meas) = 1 .7990
LG emp(mV) 
LC f u ll(m v )  
Time ( s e c )  
F lw (exp),S G
2 1 7 .2  t 2 22 .6  
2 9 8 .8  296 .5
2 1 .4 4  22 .49
IF — ;~ ------- . . .
FlowC&xp)
Flr.wi.meas)
1 2 .12  12 .72  
1 2 .1  12 .0 B . c T
Speed  2
SG(meas) = 1 .8 0 1 4
LC emp(mV) 2 2 4 .9  , . . .
LC f u ll(m v ) 3 4 1 .5  ...
19 i
F lM (exp).SG 3 5 ,63 35 .48
F lo « (e x p ) 20 .02 19 .34 19 .94
Flow (m eas) 18 .33 18 .33 — ■—  ! — ■—
Speed 3
SG(meas) = 1 .8 0 1 4
LC emp(raV) 
LC f u li(m v )
F lw (exp ).S G
2 32 .2
3 55 .5
15.
4 7 .52
i
l
l
-
!
F low (exp)
F lw (m e a s )
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- T e c ;
4
i
Speed 4
SG(meas) = 1.7990
LC eoip(mV) ) 238 .6  
LC fu l l( m v )  | 4 01 .9  
Time ( s e c )  | 16 
F lw ( e x p ) .SG | 5 9 .0 1
-- • -
F lo w (ex p ) j 3 2 .96  
F low (m eas) | 30 .50 3o !?0 3 0 ,70
Speed 5
SG(meas) = 1.7965
LC emp(mV) 
LC f u l l ( a v )  
Time ( s e c )  
F lw (exp ),S G
246 .1
433 .9
-- • - —
F low (exp)
F low (m eas) u ' . r n'.r
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SG(meas) = 1.6617
! LC emp(mV)
| LC fu l l(m v )  
i Time ( s e c )
I F lw (exp).S G
i
i
i
'
l
i F low (exp )
! F low (m eas) _:L-
SG(meas) =  1 .6666
j LC timp(mV)
1 LC fu l l(m v )  
1 Time ( s e c )
1 F lw (exp).S G
lir!
i F low (exp)
1 'T ow (m eas)
SG(meas) = 1.6670
I LC errp(raV) 
i LC fu l l(m v )  
1 Time (s e c )
1 F lw (exp ).S G
i i 1 ‘I
j F low (exp)
1 Flow (m eas) 25 ,03
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LC emp(mV) | 239 .1  
LC fu l l( m v )  | 346 .6  
Time ( s e c )  | 11 
F lw (exp ).S G  i 56 .50
—
Flow (exp ) 1 33 .30  
Flow (m eas) | 30 .83 S:S 31.53
S peed  5
SG(meas) = 1 .674
LC emp(inV) | 244 .4  
LC fu l l(n iv )  | 422*® 
Time ( s e c )  1 16 
F lw (e x p ) . SG 1 64 .16
2 47 .0  i 2 5 1 .1  | 239 .8
4 2 9 .1  | 4 1 8 .6  i 4 21 .9  
15 j 14 | 16 
7 0 .19  | 6 9 .1 7  f 6 5 .8 0
-- ■-
F lov i(exp) 1 38 .33  
F low (m eas) j 4 0 .0_
4 1 .9 2  | 4 1 .3 2  | 3 9 .3 0  
4 0 .6  | 4 0 .1  | 4 0 .5
S peed  6
SG(n>e2s )  =  1.6789
LC emp(mV) 
LC tu l l (m v )  
Time ( s e c )  
F lw (exp ).S G
14
71.57
-------•_
Tlow (exp)
Flow (m eas) 4 3 .3
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^ "TW-j
; i
SG(meas) = 1 .5686
1C emp(mV) 
LC f u ll(m v )  
T ime ( s e e )  
F lw (e x i)  -SG
F low (exp)
Flow (m eas)
11 .34 j
SC-Cmeas) = 1 .5784
LC emp(mV) 
LC fu l l(m v )  
Time ( s e c )  
F lw (exp ).S G
5 17 .5 -------
F low (exp ) 
Flow (m eas)
18 .76
SG(meas) *  1 .5906
LC emp(oV) 
LC fu l l(m v )  
Time ( s e c )  
F lw (exp).S G
— ! '
F low (exp)
Flow (m eas) 3 0 .5
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SG(meas) » 1.5955
1 LG emp(roV)
| LC £u ll(m v ) 
| Time (sec.)
1 F lw (exp ).S G
— I-
| F low (exp )
I Fiow (m eas)
Speed 5
SG(mess) = 1 .605
LC emp(mV) 
LC f till (m v )  
Time ( s e c )  
F lw (exp ).S G
2 4 4 .8  | 2 42 .0  
4 7 5 .4  4 11 .9
70 .17  70 .16
y io w (ex p )
Flow (m eas)
4 3 .7 1  4 3 .71  
4 3 .0  4 3 .2 4 3 .2
Speed  6
SG(meas) «  1.6028
LC emp(oV) 
LC fu ll( ff lv )  
T ime ( s e c )  
F lw (exp ).S G
2 4 1 .5
4 4 7 .4
17
70 .03
F low (exp)
F lo v (m ea s) 43 ".1
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Speed 1
SG(meas) = 1 .5245
LC emp(mV) 
LC f u ll(m v )  
Time ( s e c )  
F lw (exp ).S G
219 .1
— j
F lo v (e x p )
Flow (m eas)
SG(meas) = 1 .5343
LC emp(mV) 
LC f u ll(m v )  
T is e  ( s e c )  
Flw (exp)-SG
F low (exp)
F low (m eas) =:= |
SG(meas) = 1 .539
LC emp(mV) 
LC f u ll(m v )  
Time ( s e c )  
F lw (exp).S G
= r : :
Flofc'(exp)
F low (m eas) 3 'T
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44
Speed  4
SG(meas) = 1 .5612
LC emp(tnV) 
LC f u ll(m v )  
Time ( s e c )  
F lw (e x p ).S B
— •_ 'i'ilv
F low (exp)
Flow (m eas) s : ' 3 4 .F — —
SG(meas) = 1 .5686
LC emp(niV) 
LC fu ll(m v )  
Time ( s e c )  
F lw (exp).S G 6 4 .72
iir!
i'ii'i
F low (sxp )
F lov (m eas)
41 .25
4 0 .2 4
j j1 l _
Speed 6
SG(meas) = 1.5759
I LC emp(aiV'
I Lv f u ll(m v )  
i Time (s e c )
I F lw (exp).S G
— — !_
| F low (exp)
I Flow(Bieas) 4 1 .20 4 0 .9 ~
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Speed 1
LG emp(mV) 
LC f u ll(m v ) —
Flow (exp)
Flow (m eas)
Speed  2
LC emp(mV) j 187 .0  
LC fu l l( r a v )  j 295 .9  
Time ( s e c )  j 30 —
i
l
l
F low (exp ) | 20 .98  
Flow (m eas) j 19 .96
2 0 .4
LC enip(mV) 
LC fu l l(m v )  
T ime (s e c ) S "  | — • - — • -
F low (exp)
Flow (m eas) 21 .25
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I
Speed 4
LG emp(mV) 
LG fu l l(m v )  
Time ( s e c ) II
I
'!
■!
■
F low (exp)
F low (m eas)
Speed  5
LC empCoV) 
LG fu l l(m v )  
Time ( s e c ) M.
l - - - : Il
l
F low (exp)
Flow (m eas) =  = ! = -  !
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C .3  READINGS FOR EV ALU A TIO N  O F NUCLEAR D EN SITY  GAUGE.
D ry S o l id s  SG = 2 .65
DH6Q s e t t i n g s :  Z ero  = 2 .2 7 9 ; Range = 2 .5 8 1 ; I s o to p e  *  0 
". i ™, ' 1
Cy = C o n c e n t ra t io n  by  w e ig h t 
= (sam p le  d ry  m a ss ) /( s a m p le
Appendix C. Mass Flow Evaluation Test Results.
Pan M ass(g) 165,3 167 .9
SAM w et (g ) 130.9 160 .1
Cw (%) 7 8 .4 7 8 .95
SG (exp ) 1 .953 1 .9669
SG (m eas) 1 .958 i .w :
1 Pan M ass(g) • .4
1 SAM w et (g )
I SAM d ry  (g)
1 Cw (%) -- •_ 1 -- • -
1 SG (exp ) 1 .8858
1 SG (tneas) 1.8897 1 .8872 1.8897 --  : _ •--
Pan M ass(g) 3 .4 3-3
SAM w et (g) 8 5 .2 105 .4
SAM d ry  (g) 60 .1 74 .1
Cw (%) 69 .3 6 9 .3 4 69 .85
SG (exp) 1.7592 1.7598 1. 7697
SG (m eas) 1 .775 1 .775 1 .779 1.779 1.7794
1 Pan M ass(g) 
I SAM w et (g) 
j SAM d ry  (g )
-------1“
— • - 1 — •_
| SG (exp )
| SG (m eas) 1,6642 1 .6764 — | —
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Pan M ass(g) 
SAM w et (g ) 
SAM d ry  (g) 
Cw (%)
-- ■-
—
SG (exp) 
SG (m eas) 1 .5666 -------
Pan M ass(g) 3 .3 166 .4
SAM w et (g ) 4 4 .5 1087 .0
SAM d ry  (g)
SG (exp)
SG (m eas) 1 .5784 -------
Appendix C. Mass Flow Evaluation Test Results.
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